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Abstract
At present, the dominant technology for transducers in the field of Ultrasonic Non-
Destructive Testing is piezoelectric. However, some industrially important applica-
tions, like the inspection of components operating at high temperature or while in
motion, are difficult tasks for standard piezoelectric probes since mechanical contact
is required. In these cases, contactless NDT techniques can be an attractive alterna-
tive. Among the available options, Electromagnetic Acoustic Transducers (EMATs)
can generate and detect ultrasonic waves without the need for a physical contact
between the probe and the test object, as their operation relies on electromagnetic,
rather than mechanical coupling. Since EMATs do not require any coupling liquid,
the experimental procedures for inspection set-up are simplified and a source of un-
certainty is eliminated, yielding highly reproducible tests that make EMATs suitable
to be used as calibration probes for other ultrasonic tests. A further advantage of
EMATs is the possibility of exciting several wave-modes by appropriate design of
the transducer. Unfortunately, EMATs are also characterized by a relatively low
signal-to-noise ratio and by a complex operation relying on different transduction
mechanisms that make their performance dependent on the material properties of
the testpiece.
The present work aims to develop a numerical model including the main transduc-
tion mechanisms, the Lorentz force and magnetostriction, that can be employed as
a prediction tool to improve the understanding of EMAT operation. Following an
overview on the historical development of EMATs and their models, the theory de-
scribing EMAT operation is presented. The governing equations are implemented
into a commercial Finite Element package. The multi physics model includes the
simulation of the static and dynamic magnetic fields coupled to the elastic field
through custom constitutive equations to include magnetostriction effects. The
model is used to quantitatively predict the performance of a magnetostrictive EMAT
configuration for guided waves without employing arbitrary parameters. The results
are compared to experimental data providing a validation of the model and insight
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on the transduction process. The validated model, together with experimental tests,
is exploited to investigate the performance of different EMAT designs for Shear Hor-
izontal waves in plates. The sensitivities of each configuration are compared and
the effect of key design parameters is analyzed. Finally, the model is used in the
evaluation of the performance of bulk wave EMATs on a wide range of steel grades.
Experimental data interpreted via numerical simulations are employed to investi-
gate the relative weight of the transduction mechanisms, with implications on the
applicability of EMATs on the range of steels usually encountered in inspections.
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Chapter 1
Introduction
1.1 Motivation
Ultrasonic Non-Destructive Testing and Evaluation (NDT&E) is a widespread prac-
tice in modern engineering and industry. The need for early detection of flaws
and defects in critical components employed in oil and gas, power generation and
aerospace industries is paramount. It is easy to understand that a failure in one of
them not only causes severe economic damage but can also provoke fatal harm to
human beings. The ability to detect, locate and size a flaw in components guarantees
their safety and allows the estimation of the remanent life, reducing the maintenance
cost and unnecessary replacement of safe parts.
NDT&E is a wide subject, involving several fundamental branches ranging from the
processing and interpretation of signals to the assessment of the probability of the
detection of a given kind of defect. The very source of information, however, comes
form the transducers employed in the tests; the understanding of the operation
of the sensors is thus fundamental, in order to exploit their features as much as
possible and optimize their design. The dominant technology in ultrasonic sensors
is piezoelectric. These devices offer a series of positive characteristics: high signal
to noise ratio, linear behaviour, simplicity of hardware, ease of use and relatively
low cost [1–3]. However, piezoelectric transducers suffer from a major drawback,
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that is, physical contact is required between the sensor and the test object, often by
means of a coupling fluid. This implies that piezoelectric transducers can be difficult
to apply in a number of situations: e.g. measurements at high temperature or on
moving samples [2–4]. Moreover, the coupling fluid represents a source of errors
and uncertainty even in conventional applications and can make the experimental
procedure more complex. In this niche of applications, contact-less NDT methods
can be more attractive. The main non-contact NDT ultrasonic methods exploit
laser-based technologies or Electromagnetic Acoustic Transducers (EMATs) [1,5–7];
the latter will be the subject of the present study. Even if a considerable amount
of research has already been done in the study of EMATs, a better understanding
of the transduction process is desiderable, not only for the sake of pure scientific
knowledge, but also to choose the best configuration of this kind of sensor in practical
applications.
The main novelty of this work is the inclusion of magnetostriction in a Finite El-
ement code. This transduction mechanism, occurs when EMATs are employed on
ferromagnetic media. Previous research had laid the theoretical basis of this phe-
nomenon and numerical models had been presented, however, an experimentally
validated model was still lacking. The model presented in this thesis allows the
operation of EMATs to be simulated quantitatively even on ferromagnetic mate-
rials when the physical properties and geometry of the system are given. Once
the accuracy of the numerical model is assessed via experimental validation, the
model can be employed to compare the performance of different EMAT configura-
tions and to investigate the experimental behaviour of EMATs on different kinds
of steel materials. The analysis of EMAT performance on steel materials with the
aid of the numerical model gives an estimate of the relative importance of different
transduction mechanisms so shedding new light on an existent inconsistency in the
literature.
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1.2 Thesis outline
This thesis follows the structure outlined below. The first three chapters summarize
previous research and serve as an introduction to the new contributions of this thesis,
which are presented in Chapters 4 to 8.
Chapter 2 gives a general overview on Electromagnetic Acoustic Transducers. A
basic physical explanation of how EMATs can excite and detect ultrasonic waves is
given; then the major advantages and drawbacks of EMATs are highlighted. A clas-
sification of the most common and important EMAT configurations follows. Finally,
a literature review is presented, giving an overview on the historical development of
EMATs and the models describing their performance.
In Chapter 3 the physics underlying EMAT operation is described. The equations
governing both the generation and the reception mechanisms are presented. Each
transduction phenomenon involved in EMAT operation is covered, though special
emphasis is given to magnetostriction, being intrinsically the more complex, and, at
the same time, the less understood phenomenon. A new analysis of magnetostric-
tion, in terms of static and dynamic components of the relevant fields is presented.
The numerical implementation of the governing equations into a commercial Finite
Element software is the subject of Chapter 4. A full 3D model, including the main
transduction mechanisms is presented. The full model is compared to simplified
models exploiting analytical expressions available for special cases. A description of
the absorbing regions, symmetries and meshes used in the simulations is given.
The presented model is validated in Chapter 5. At first the main elements of the
model, i.e. electrodynamic, magnetostatic and elastic models are benchmarked
against analytical solutions for simple configurations. Then a full EMAT model,
including the coupled electromagnetic and mechanical modules is validated against
experimental results. Following the description of the experimental set-up used,
qualitative and quantitative validations of the model are presented. The material
of this Chapter, and parts of the previous Chapters, are the basis of an article pub-
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lished in IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control
([P2] in the List of Publications).
In Chapter 6 the performance of different EMAT configurations used in the inspec-
tion of plates with Shear Horizontal waves is investigated. Simulations supported by
experimental evidence allow a comparison of the different designs available in terms
of signal amplitude achievable, also taking into account practical issues, such as the
ease of use and robustness of each configuration. This Chapter is the basis of an
article submitted to IEEE Transactions of Ultrasonics, Ferroelectrics and Frequency
Control [P5].
The performance of bulk shear wave EMATs when used on a wide range of steel
grades is the subject of Chapter 7. The dependence of EMAT performance on a
typical range of physical properties encountered in practice is assessed by means of
experiments, interpreted with the help of the numerical model. Conclusions on the
relative importance of the transduction mechanisms involved are drawn, leading to
useful design suggestions. The results give indications on an existent inconsistency in
the literature and are supported by the possible identification of a flaw in published
work, presented in Appendix A. The findings described in this Chapter have been
submitted to the journal NDT&E International [P4].
Finally, the main results of this work are summarized in Chapter 8 and suggestions
for future work are given.
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Chapter 2
EMAT background and literature
review
2.1 Introduction
This chapter introduces the basic principles of operation of Electromagnetic Acous-
tic Transducers, highlighting the main advantages and limitations of EMATs. The
principal features and applications of the most popular and important EMAT con-
figurations are discussed. Finally, a literature review on the historical development
of EMATs and their modelling is given.
2.2 Basic EMAT operation
EMATs are essentially made of a coil fed by a large dynamic current (a pulse or
a toneburst are commonly used) and a magnet or electromagnet providing a static
magnetic field. When the sensor is close to a metallic sample, an eddy current
density Je is induced in it; the interaction of this current density with the bias
magnetic flux density B results in a net body force on the sample (Figure 2.1 (a)),
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according to the Lorentz equation:
f = Je ×B. (2.1)
This force causes the generation of ultrasonic waves in the solid, that can be exploited
for NDT purposes [5, 8–10]. From a microscopic point of view, the electric field E
induced by the driving current exerts a Coulomb force −eE on the electrons of the
sample and accelerates them to mean velocity −eEτ/m; when a bias magnetic flux
density B is present, the electrons are also subject to the Lorentz force eve×B. Here
e indicates the charge of the electron and ve its mean velocity [7]. For harmonic
oscillations much slower than the mean frequency of electron-ion collision 1/τ , the
inertial forces of the electrons can be neglected and the equation of motion reduces
to:
ne(mve)/τ = −nee(E + ve ×B), (2.2)
where ne is the number density of electrons and m is the mass of the electron. The
electrons exchange their momentum with the ions of the metal through collisions,
and the body force acting on the ions can be written as:
f = NZe(E + vi ×B) + ne(mve)/τ, (2.3)
where N , Ze and vi are respectively the number density, charge and velocity of ions.
By using Equation (2.2) in (2.3) it can be shown that [7]:
f = −neeve ×B, (2.4)
noting that, NZe = nee and that the velocity of the ions is negligible compared to
that of the electrons. This reduces to Equation (2.1), as the term −neeve is the
eddy current density.
The Lorentz force effect takes places in any conducting metal; if the sample is
ferromagnetic a further principle contributes to the generation of elastic waves: the
so-called magnetostriction [11,12]
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There are two different types of magnetostriction [12]: spontaneous magnetostriction
and field induced magnetostriction . The former takes place when a ferromagnet
is cooled through its Curie temperature. Above the Curie temperature the mag-
netic dipoles are randomly aligned, due to the thermal excitation. However, below
the critical temperature a large number of close-by magnetic dipoles aligns to a
given directions, forming the magnetic domains. The alignment of the magnetic
dipoles within a domain results in a spontaneous magnetization of the domain along
a certain direction and is associated with a spontaneous strain. The average de-
formation of the whole ferromagnetic material is the average of the deformations
of the single domains, and is referred to as spontaneous magnetostriction. For an
isotropic material, this causes a change in the volume of the solid but not in the
shape of the specimen. On the other hand, the second type of magnetostriction,
the field induced magnetostriction, causes pure shear strains, with no changes in
volume. When a magnetic field is applied to a ferromagnetic material (below the
Curie temperature) a preferred direction arises towards which the magnetic domains
tend to align. This results in a net strain in the direction of the applied field and
in a transverse magnetostriction which is half the magnitude and opposite in sign
to the strain along the magnetization direction, such that volume is conserved [12].
EMATs can exploit field induced magnetostriction: a dynamic field superposed on
a bias field results in dynamic total magnetic field that causes dynamic stresses in
the material, that propagate in the form of elastic waves. Throughout this thesis,
by “magnetostriction” field induced magnetostriction will be implied. Thanks to
reciprocity [13], these physical principles also work in the inverse sense, allowing
the detection of ultrasonic waves. A mechanical wave travelling in a conductive
medium causes dynamic currents that combined with a static magnetic field induce
an electric field in a coil, proportional to the speed of the metal particles in the
material (inverse Lorentz mechanism). An inverse magnetostriction phenomenon
also takes place when the deformation of a ferromagnetic body produces a magnetic
flux density variation that can be detected by the coil.
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Figure 2.1: Fundamental physical principles exploited by an EMAT: (a) Lorentz force.
A driving current I induces eddy current density Je; the interaction with a static magnetic
flux density B¯ generates volume force density f . Picture adapted from [14]. (b) Magne-
tostriction. At room temperature, the applied magnetic field H aligns the ferromagnetic
domains (here represented for simplicity with an elliptic shape and their magnetization
direction with an arrow), and causes a net deformation e. From [12].
2.3 Advantages and limitations of EMATs
The principles outlined in Section 2.2 exploit electromagnetic induction, hence, op-
eration without any contact is possible. Actually, the efficiency of the transduction
decays exponentially with the distance between the sensor and the sample, limiting
the practical separation to a few millimetres. However, this tiny gap is enough to
give a big advantage over piezoelectric transducers in some applications; high tem-
perature testing is made possible as well as operation on moving samples. Since
no contact is needed, couplant fluids do not have to be used which simplifies the
operation and minimizes the need for surface preparation; moreover, highly repro-
ducible measurements can be achieved because variability due to the couplant is
eliminated. EMATs have been successfully employed in different industrial appli-
cations for several decades. For instance, high temperature (> 1000 ◦C) thickness
gaging of seamless steel pipes have been achieved during manufacturing processes
using water-cooled permanent magnets (or electromagnets) [7]. Another example
of EMAT application is in steel sheet production, where the rolling process causes
preferred orientations in the microstructure of the samples, resulting in anisotropy
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in the elastic and electromagnetic properties. A pair of EMATs separated by a
known distance can be used to measure the speed of sound at different angles from
the rolling direction, yielding important information on the formability of the metal
sheets [15, 16]. Here the lack of couplant between the transducer and the sample is
the key factor to obtain a fast scan of the plate in several directions. Another main
advantage of EMATs is the large variety of ultrasonic modes that can be generated.
A careful design of the geometry of the coil and the magnet and their relative po-
sition allows the excitation and detection of complex wave patterns. EMATs have
been used to generate and detect bulk longitudinal and shear waves, Lamb and
Shear Horizontal waves in plate-like structures as well as torsional, flextural and
longitudinal modes in pipes and wires [5–7,17]. A classification of the most common
configurations of EMATs will be given in the next section (2.4).
The contact-less nature of EMATs comes at a price of some disadvantages: first of
all, these transducers are extremely inefficient when compared to traditional sensors.
The signal-to-noise ratio is rather poor if the transducer is not carefully designed
and special electronics are not employed [18]. Another major problem of EMATs
is that their performance can vary with the electromagnetic properties of the sam-
ple: a sensor working perfectly on one metal can give low-quality signals when
operated on another material. Further, the principles on which EMATs rely to gen-
erate and detect ultrasonic waves imply that only good elctrical conductors can be
tested. Important non-conductive engineering materials, such as composites, plas-
tics or ceramics, cannot be inspected with EMATs. Table 2.1 summarizes the main
advantages and the disadvantages of electromagnetic acoustic transducers.
2.4 EMAT classification
Many EMAT configurations have been proposed to excite different kinds of ultra-
sonic waves. This section will cover only the most popular and useful types; in-depth
classifications of EMATs can be found in the literature; more than ten different con-
figurations with related variants have been reported [5–7].
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Table 2.1: Summary of the advantages and disadvantages of EMATs.
Advantages Disadvantages
No contact Low signal-to-noise ratio
No couplant needed Special electronics required
Multiple mode excitation Material-dependent
High temperature inspection Working only on good conductors
High speed inspection or highly magnetostrictive metals
Reproducibility
One of the most common and simplest configurations is the so-called spiral coil
EMAT, also known as pancake coil EMAT (Figure 2.2 (a)). As the name implies,
the coil is a wire wound in order to make a flat spiral shape. The applied magnetic
field is normal to the surface of the sample. As a result, radially polarized shear
waves are produced. In practice, the situation is more complex: the static magnetic
field often has some non-zero component in the direction parallel to the sample, and
the dynamic magnetic field induced by the coil is mainly parallel to the surface of
the material as well. This leads to the generation of longitudinal waves travelling
in the direction normal to the surface of the sample. However, when the transducer
is employed on ferromagnetic material, the situation changes: the magnetization
force arising in this case tends to cancel out the normal component of the Lorentz
force [19–21], making the generation of longitudinal waves extremely inefficient (Sec-
tion 3.2.3). This sensor finds wide application in thickness gaging of samples as well
as in flaw detection.
Another common configuration is depicted in Figure 2.2 (b). It is referred to by
different names: racetrack coil EMAT, elongated spiral coil EMAT or split magnet
EMAT [5,22]. The magnetic field and current distributions both reverse on opposite
long sides of the racetrack coil so the net effect is a force in the same direction.
The overall effect is the generation of linearly polarized shear waves, propagating
normal to the surface. Thanks to this feature, this sensor can be employed to study
anisotropic samples, where waves have different velocities along different polarization
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Figure 2.2: EMAT classification. Transducers generating ultrasonic beams normal to the
surface of the sample. (a) Spiral (pancake) coil EMAT (b) Elongated spiral coil or split
magnet EMAT. Arrow convention: thick black for the propagation direction; grey for the
polarization direction; hollow arrows indicate the static magnetic flux density. Pictures
adapted from [14].
directions (acoustic birefringence [7, 23, 24]). An equivalent EMAT for longitudinal
waves can be obtained when the applied magnetic field is tangential [5, 6]. If the
sensitive area of the coil runs normal to the field, and parallel to the sample, linearly
polarized longitudinal waves are excited (Figure 2.3 (a)).
The configurations introduced so far are suited for bulk wave generation and
detection. When surface waves or guided modes of plates and pipes have to be
excited, other EMATs can be employed. A meander coil in conjunction with a
normal field causes a series of alternating tractions parallel to the surface of the
sample. As a result, surface waves, with a wavelength equal to double the spacing
between the wires, are excited [6, 7]. In bulk samples this EMAT configuration
generates shear and longitudinal waves propagating obliquely (Figure 2.3 (b)).
Periodic permanent magnet (PPM) EMATs [5, 25] are made of an array of mag-
nets having alternating magnetization directions, all normal to the sample surface.
Between the array and the sample, straight wires carry the driving current (Fig-
ure 2.4 (a)). Tractions parallel to the surface, alternating with a periodicity equal
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Figure 2.3: EMAT classification. (a) Longitudinal wave EMAT (b) Meander coil EMAT.
Arrow convention: thick black for the propagation direction; grey for the polarization direc-
tion; hollow arrows indicate the static magnetic flux density. Pictures adapted from [14].
to twice the width (x1 direction) of the magnets are induced. The resulting waves
are Shear Horizontal (SH) waves. SH waves are attractive for NDT purposes and
are generally not easily excited with traditional transducers, thus, this configura-
tion can be extremely valuable in applications. The wavelength of the SH waves is
dictated by the width of the magnets of the array; hence, small wavelengths require
thin magnets. Unfortunately, magnets whose width is less than 1 mm usually give
small magnetic fields, so, in the case of SH guided waves, the sensor works efficiently
only below a certain frequency limit, roughly 1 MHz.
Another EMAT design for SH wave generation on ferromagnetic metals relies
on magnetostriction only [26, 27]. A meander coil is placed within a tangential
magnetic field (Figure 2.4 (b)). Since the Lorentz effect is not the transduction
principle exploited, the sensor works even when the field and the wires of the coil
are parallel. The static magnetic field and the dynamic field due to the driving
current are perpendicular to each other, causing only a change in the direction of
the total magnetic field, not in its magnitude. This produces shear strains below
the wires that generate SH waves. A similar concept has been applied successfully
to generate a range of modes on ferromagnetic plates and pipes [17,28].
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Figure 2.4: EMAT classification. Schematic diagram of (a) periodic permanent magnet
(PPM) and (b) magnetostrictive EMATs on a plate. The polarization of the magnets, the
coils and the propagation direction are shown.
2.5 History of EMAT development and modelling
The following literature review outlines some of the major steps in the development
of EMATs. Over the years, many authors have proposed theoretical and numerical
models to describe the transduction mechanisms, in order to improve the low signal-
to-noise ratio of the sensors and to increase the understanding of EMATs physics.
This historical overview presents the evolution EMAT modeling up to the current
state-of-the-art models. While pointing out the main modeling advances, some
significant experimental developments will also be highlighted.
It is hard to determine who was the “inventor” of electromagnetic acoustic trans-
ducers [7]. The physical principles underlying their operation were known since the
early studies on fundamental electromagnetism: Maxwell had included what was
later known as the Lorentz force in the equations of electromagnetism in 1861 [29],
while Joule had already reported on the magnetostrictive effect in 1847 [30]. How-
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ever, only over a century later, with the advances in all scientific and technological
fields, the first EMATs were proposed for Non Destructive Evaluation purposes.
Apparently [7], the kick-start was given by studies on helicons (low-frequency elec-
tromagnetic waves) by Grimes and Buchsbaum [31] in the early sixties of the last cen-
tury. Following this work, Gaerttner et al. observed ultrasound generation caused
by magnetic body forces [32]. In 1973, Dobbs [8] started an investigation on ultra-
sonic waves generated by electromagnetic mechanism. He concluded that the forces
were due to the Lorentz effect and pointed out that the phenomenon could be useful
for Non-Destructive Testing.
In the same year, Thompson [9] described the generation of Rayleigh and Lamb
waves in metal plates, using a meander coil EMAT. He formulated an analytical
model including the Lorentz force mechanism and studied the lift-off dependence of
the generated signal. The classical electrodynamics equation describing the eddy
current induced on a metal surface by an infinite current-carrying wire was used to
model the effect of a single wire of the coil. Then a spatial Fourier analysis was
adopted to model a full two-dimensional meander coil. Later, Thompson concen-
trated on the study of magnetostriction: in 1977 he addressed the efficiency of the
transduction mechanism on different ferromagnetic materials [33]. In particular, he
studied the dependence of the signal amplitude on the applied magnetic field, finding
that magnetostriction is usually dominant for low magnetic fields when the static
field is parallel to the surface of the sample. In this case the relationship between
the signal amplitude and the bias magnetic field is highly non-linear and severely
material-dependent. On the other hand, when the magnetic field increases, mag-
netostriction saturates and no longer contributes to the force generation, whereas
the Lorentz force increases linearly with the magnetic field. Thus, the overall re-
lationship between the magnetic field and force generated for high fields is linear,
whatever the material. In 1978, Thompson [19] gave an overview of the equations
governing EMAT operation, including a third generation effect, the magnetization
force, which was demonstrated to be minor compared to the other mechanisms. An-
other remarkable achievement of Thompson (together with Vasile) in those years is
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the proposal of a new kind of EMAT: the periodic permanent magnet EMAT [25].
Such a transducer is capable of exciting shear horizontal (SH) waves in plates, a
non-trivial task for traditional piezoelectric transducers. A further advance was due
to Ho¨eller and Mohr, who produced the first guided-wave EMATs for pipe inspec-
tion [34]. Using longitudinal and torsional modes, they investigated the reflections
due to flaws in ferritic and austenitic pipes. It has to be pointed out that their
approach was purely empirical.
A major improvement in the modeling of spiral coil EMATs, operating on non-
ferromagnetic metals, was made by Kawashima in 1976 [10]. He modelled the coil
as the superposition of several circular loops, lying on planes parallel to the sur-
face of the sample, at a certain distance. This assumption allowed him to use the
well-known Dodd and Deeds model [35], originally proposed in 1968 to model eddy-
current probes. The model solves the electrodynamics equations in steady-state
conditions, using a magnetic vector potential formulation, together with an axisym-
metric geometry. The analytical solution obtained is in the form of an integral of
Bessel functions and can easily be computed numerically. Kawashima used this
relationship together with the experimentally measured magnetic flux density to
predict the Lorentz forces produced by a pancake coil EMAT. The further assump-
tion employed was that the forces could be regarded as superficial forces rather than
body ones, as they are concentrated within the electromagnetic skin depth, which
is usually much smaller than the wavelength of elastic waves. In this way, he could
use a modified piston source model [36] to predict the acoustic field. Kawashima’s
model, in contrast with previous models, was the first one to give useful equations
for the actual design of the transducer: practical parameters, such as the dimensions
of the coil and the number of turns, appear in the equations, and are directly linked
to the generation and reception efficiencies of the sensor. In 1984, Kawashima [37]
extended his analysis to transient excitation, using Fourier analysis. The compar-
ison between his predictions and the experimental results showed good qualitative
agreement, but quantitatively, the discrepancy was between 30% and 50%, probably
because of the number of approximations he had to make in the theoretical analysis.
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The works of Il’in and Kharitonov [20], and Wilbrand [38,39] in the eighties have
defined analytical models for magnetostriction, in terms of elastic and electromag-
netic constitutive equations linked by coupling terms accounting for the magneto-
mechanical transduction, in analogy with piezoelectric equations. These studies
have been successfully validated, but only in a qualitative way, i.e. with an arbi-
trary scaling parameter; moreover the solutions are available only for very simple
geometric configurations and a number of simplifying assumptions is required.
The widespread development of numerical methods, such as the finite difference
method and the finite element method, was crucial in the formulation of realis-
tic EMAT models. In the early nineties, Ludwig and co-workers proposed a two-
dimensional FE code, modelling all the generation mechanisms, with an arbitrary
transient excitation [40–45]. The inhomogeneous magnetic field due to an electro-
magnet was also included. This allowed the study of more complex systems, for
example a variable lift-off coil, driven by a tone-burst excitation current. Though
Ludwig’s theoretical analysis was comprehensive and consistent with analytical solu-
tions available, the results were never validated against experiments. In particular,
magnetostrictive effects were modeled with a matrix of coefficients, but there was
no further insight on this phenomenon, either theoretical or empirical.
Some new light was shed on this issue by Ogi in 1997 [21]. In this article a full
analytical description of a two dimensional meander coil EMAT was presented. A
detailed treatment of magnetostrictive effects is given, both in generation and recep-
tion of ultrasonic waves, and the equations are used in conjunction with an exper-
imentally determined magnetostriction curve. Ogi’s main finding is the derivation
of equations to compute the magnetostrictive parameters from experimental data.
In disagreement with Thompson and Wilbrand, who had regarded magnetostric-
tion as the main transduction mechanism only when the bias field is parallel to the
surface of the sample, Ogi claimed that even for normal bias field configurations
magnetostriction is the dominant mechanism, being one or two order of magnitudes
larger than the Lorentz effect. This model was only qualitatively validated by ex-
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periments, leaving the issue of the relative weight of transduction mechanisms not
fully clarified.
An indirect verification of the importance of magnetostriction in the transduction
process was given by Kwun and co-workers [17, 46, 47] and by Murayama and col-
laborators [28, 48, 49]. Both groups generated and detected longitudinal, torsional
and flexural waves in ferromagnetic rods or tubes, relying on magnetostriction only.
Kwun’s sensor is essentially a coil wound circumferentially around the pipe and
subjected to a bias magnetic field, orientated according to the kind of wave to be
generated or detected. These studies have clearly confirmed the importance of mag-
netostrictive effects, at least in configurations where the bias field is parallel to the
surface of the sample. The analysis is purely empirical and qualitative, and no
theoretical description has been provided yet: the whole design process of these
transducers is based on some physical insight together with a trial-and-error ap-
proach.
In recent years, enhancements in the design of EMATs were due to Dixon and
collaborators from Warwick University. They mainly concentrated their analysis on
the Lorentz force mechanism, focusing on the dynamic magnetic field produced by
the driving current in the coil. In a study on Rayleigh wave generation [50], FE
simulations of the Lorentz force mechanism were used to show that the orientation
of the bias field can be chosen such that the Lorentz forces due to the static and
dynamic magnetic fields constructively interfere, enhancing signal amplitude [51,
52]. Also, exploiting the self-generated magnetic field interacting with induced eddy
currents, it is possible to generate acoustic waves without the need for a permanent
magnet or an electromagnet. Dixon and co-workers employed a plate of magnetite
iron oxide above the coil to increase the induced magnetic flux density [53, 54]. In
other modelling research [55], the presence of two conductive layers was analyzed:
the sample and an electrically conductive screen between the coil and the magnet,
to reduce ultrasonic generation in the magnet. The extra conductive layer affects
the impedance of the coil because eddy currents are induced in both the conductive
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media. This leads to the conclusion that the original Dodd and Deeds model has to
be modified in order to compute the correct impedance of the coil.
Another recent advance is realistic modelling of the EMAT coil. Shapoorabadi
and co-workers at University of Toronto were the first to model the skin effect in a
conductive coil, including this effect in a FE model [56–58]. Previous work assumed
a uniform distribution of current density on the coil cross-section; this neglected the
tendency of current to concentrate on the boundary of the conductor. The authors
claim that this phenomenon is not negligible and may be one reason for the large
discrepancies observed in the past between some models and experimental data.
In [59], the group experimentally validated in a quantitative way a Finite Element
model accounting for the Lorentz force mechanism only.
The analysis of previous research shows that even if extensive modelling on EMAT
transduction mechanisms has been carried out, there is a lack of an experimentally
quantitatively validated numerical model of magnetostriction. The implementation
of such a model into a commercial Finite Element software is one of the main
contributions of this thesis and is described in chapters 4 and 5.
2.6 Conclusions
A general introduction to Electromagnetic Acoustic Transducers has been presented.
EMAT operating principles and their classification were given. This will be the basis
for a detailed mathematical analysis of the physics involved in the transducer’s
behavior which will be covered in the following chapter. A review of past research
on EMATs and their modelling was also given, highlighting the main novelty of this
work.
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Theory
3.1 Introduction
This chapter describes the physics underlying the operation of EMATs. The purpose
is to provide a solid mathematical basis that can be used in the modelling of the
device. An in-depth analysis of each of the transduction mechanisms is given. The
electrodynamic equations governing the Lorentz and magnetization mechanisms are
introduced and used in conjunction with standard elasticity theory to describe wave
generation and reception. Magnetostriction is included in the model via appropriate
constitutive equations that, in an analogy with piezoelectricity, link the elastic field
with the electromagnetic field. The magneto-mechanical coupling is expressed by a
magnetostriction matrix whose coefficients can be deduced from experimental data.
EMATs are able to generate and detect elastic waves in a solid exploiting three
different electromagnetic phenomena [6, 7, 38]. The Lorentz force acts on any con-
ducting material, both ferromagnetic and non-ferromagnetic. It arises because of
the interaction of the magnetic flux density with the eddy currents generated in the
solid by the dynamic current passing through the coil of the sensor. On the other
hand, the two remaining mechanisms, magnetization force and magnetostriction,
operate only on ferromagnetic materials. The former appears when the dynamic
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electromagnetic field caused by the driving current interacts with the magnetiza-
tion induced in the material, generating a body force. The latter, magnetostriction,
consists in the deformation taking place in a ferromagnetic media when subject to
a magnetic field. Since the magnetic field generated by the driving current is dy-
namic, the deformation induced in the sample is time-dependent too, leading to the
generation of mechanical waves.
3.2 Lorentz and magnetization mechanisms
3.2.1 Governing equations
EMAT generation of elastic waves relies on electromagnetic phenomena that can
be described by Maxwell’s equations (Faraday’s law and Ampe´re’s law) [7, 12, 21]:
∇× E = −∂B
∂t
, (3.1)
∇×H = J + ∂D
∂t
, (3.2)
and
∇ ·B = 0, (3.3)
∇ ·D = ρq, (3.4)
and with the constitutive relations:
J = σE, (3.5)
B = µ0 (H + M) , (3.6)
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where E and D are the electric field and displacement, respectively; J is the current
density, B and H are the magnetic flux density and the magnetic field, M is the
magnetization, µ0 and σ are the magnetic permeability of free space and the electric
conductivity, and ρq is the charge density. The term ∂D/∂t is usually dropped in all
the regions of the system, as its contribution is negligible for frequencies lower than
100 MHz (quasi-static approximation) [60]. The solution to this set of equations
can be used to compute the dynamic forces f acting on the elastic body:
f = fL + fM , (3.7)
where fL and fM are respectively the Lorentz and magnetization body forces, defined
as:
fL = Je ×B, (3.8)
fM = ∇H · µ0M, (3.9)
where Je is the eddy current density induced in the sample. Here ∇H, the gradient
of the magnetic field, is a 3× 3 second-order tensor whose (i, j) element in cartesian
coordinate is ∂Hj/∂xi. Each component of the magnetization force can be expressed
as fk = µ0Mi(∂Hi/∂xk), where the summation convention is implied. This set of
interactions can then be used as the external force operating on a continuous elastic
isotropic medium, in order to compute the acoustic field [10,58]:
µˇ∇×∇× u− (λˇ+ 2µˇ)∇∇ · u + ρ∂2u
∂t2
= f , (3.10)
where µˇ and λˇ are Lame´’s constants (the accents are used to avoid confusion with
the magnetic permeability, µ and the elastic wavelength, λ), u is the displacement
vector, and ρ is the mass density. The approach outlined is hierarchically coupled:
the solution of equations from (3.1) to (3.6) allows the computation of the external
force in Equation (3.10) by using equations from (3.7) to (3.9); this is described in
Section 3.2.4 with further details. Analytical solutions exist only for a small number
of simple cases, using simplifying assumptions [6, 7, 21, 37].
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3.2.2 Lorentz force
The dynamic current density, J, flowing in the coil, induces a mirror eddy current
density, Je, in the conducting solid, opposing the original current, according to Fara-
day’s law (Equation (3.1)). The induced current is mainly confined in a superficial
portion of the sample, which can be quantified by the so-called “skin depth” param-
eter, δ. For a sinusoidal plane electromagnetic wave of frequency f , impinging on a
material with conductivity σ and permeability µ0µr, δ is defined as [12]:
δ =
1√
pifσµ0µr
. (3.11)
The eddy current interacts with the magnetic flux density yielding a body force,
according to Equation (3.8). The magnetic flux density is actually made up of two
different contributions: the static field due to the magnet, B¯, plus the dynamic field
generated by the driving current, B˜:
B = B¯ + B˜. (3.12)
Throughout this thesis we will denote static quantities with a bar, as opposed to
dynamic ones, designated with a tilde. The overall Lorentz force is thus:
fL = f
′
L + f
′′
L = Je ×
(
B¯ + B˜
)
. (3.13)
If the generating current is sinusoidal, with frequency f (or angular frequency ω =
2pif), both the induced eddy current and the dynamic magnetic flux density will be
harmonic, oscillating at the same frequency, while the static magnetic field produced
by the magnet remains constant:
 Je, B˜ ∝ sin(ωt)B¯ = const. . (3.14)
Equation (3.13) implies that the contribution to the Lorentz force due to the per-
manent magnet oscillates with the same frequency as the driving current f , while
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the component due to the self-induced field has a double frequency, 2f :
 f ′L ∝ sin(ωt)f ′′L ∝ sin(ωt) · sin(ωt) ∝ cos(2ωt) . (3.15)
In most practical cases, the static magnetic flux density is much bigger than the
dynamic one. However, if the driving current is extremely large (more than 100 A),
the sensor can work without the help of a permanent magnet or an electromagnet,
but at double frequency [7, 53,54].
3.2.3 Magnetization force
The gradient of the magnetic energy density UM of a magnetized sample within a
magnetic field gives the expression of the magnetization force, that is [61]:
fM = −∇UM = ∇H · µ0M. (3.16)
It has been shown both experimentally [19,62,63] and theoretically [7] that, in EMAT
configurations with bias field tangential to the sample, the components of the Lorentz
force and the magnetization force in the direction normal to the sample have similar
amplitudes but are out of phase, tending to cancel each other. For this reason, these
mechanisms are not able to generate compressional waves in ferromagnetic materials.
Also, the contribution of the magnetization force to shear wave generation in this
configuration is relatively small and will be neglected in following chapters of this
thesis.
3.2.4 Ultrasonic field
Once the electromagnetic equations have been solved for a certain geometry and set
of physical parameters, and the dynamic body force has been computed, it is possible
to predict the ultrasonic field generated by the transducer. The governing equation,
in the case of an elastic, isotropic medium is Navier’s Equation (3.10). Generally,
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the solution of this equation requires the use of numerical methods. However, some
assumptions allow approximate solutions in special cases. An approach used by
several authors takes advantage of the fact that all the dynamic forces generated
by EMATs act in a small portion of the solid, that is, within a depth comparable
to the skin depth [6, 10, 37]. Since the skin depth is usually much smaller than the
wavelength (for example, in aluminum for shear waves, with f = 2MHz, δ ∼= 0.08mm
while λ ∼= 1.50mm), the body forces are modelled as surface ones, whose values are
obtained by integrating the original forces along the depth. This method allows
the application of classical solutions of the ultrasonic field, such as the “piston
source” model [36]. It has to be pointed out that the outlined approach neglects any
mutual coupling, that is, the magnetic field generated by the induced acoustic wave
is not taken into account during the wave generation process. This effect is often
regarded as a second order effect as its magnitude is considered very weak. The fact
that uncoupled FE models such as that presented in [59] have been experimentally
validated supports the soundness of this approximation.
3.2.5 Reception process
The same physical principles that allow EMATs to generate elastic waves can be
exploited to obtain an electrical signal from a mechanical wave travelling in the
vicinity of the sensor. The dynamic displacement field causes a reciprocal Lorentz
effect in any metal. A time-varying displacement in a conductive medium, in the
presence of a static magnetic flux density B¯, results in an induced electric field:
E =
∂u
∂t
× B¯. (3.17)
This field produces a current loop in the conducting material and the resulting
varying magnetic field is picked-up by the coil of the transducer, and a voltage
signal proportional to the velocity of the wave can be output.
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Figure 3.1: Static magnetostriction curves of nickel and mild steel. From [11, 12].
3.3 Magnetostriction
Ferromagnetic metals undergo dimensional changes when exposed to a magnetic
field. This phenomenon is referred to as Joule magnetostriction (Figure 3.1). The
magnetostriction data shown throughout this thesis refer to static conditions where
a dc magnetic field is applied and the resulting static strain is measured. The
reciprocal phenomenon, the so-called Villari effect, consists of a variation of the
magnetic field due to a deformation occurring in a magnetic metal [64,65]. While the
Lorentz and magnetization force can be modelled as body tractions or compressions
applied to an elastic solid, magnetostriction takes the form of elastic strains that
can be modelled by appropriate constitutive equations. In general, magnetostrictive
constitutive relations are non-linear and can be expressed as [66]:
  = f (σ,H)B = g (σ,H) , (3.18)
where  and σ are the strain and stress tensors and B and H are the magnetic flux
density and the magnetic field strength respectively. The first equation includes the
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direct magnetostrictive effect (Joule magnetostriction), while the second equation
includes the inverse magnetostriction (Villari effect) [11]. These equations are not
single-valued, as magnetostriction usually shows a certain degree of hysteresis.
It is possible to approximate the coupled magnetostrictive equations by analogy
with piezoelectricity, with the difference that the electric field is replaced by the
magnetic field:  = SH σ +DHB = DT σ + µσ H . (3.19)
The mechanical quantities are related by the elastic compliance matrix SH (6×
6), measured when H is constant, and the magnetic quantities are related by the
magnetic permeability matrix µσ (3×3), at constant stress. The magneto-mechanical
coupling is expressed by the magnetostriction matrix D (6×3).
These equations assume a linear magnetostriction curve, i.e. the strain is a linear
function of the magnetic field. It is known experimentally that materials actually
exhibit a highly nonlinear behaviour [11, 12] (Figure 3.1). However, in the case of
EMATs, a small dynamic magnetic field H˜ is superimposed on a much larger static
bias field H¯, such that H¯  H˜. In this case, there is only a small oscillation of
the magnetic field around the operation point H¯, such that the linear assumption
is locally valid. Hysteresis is also neglected as this effect greatly complicates the
analysis without significantly affecting the analysis, at least within the strong bias
field hypothesis.
When the small dynamic magnetic field H˜ is superimposed on a large static bias field
H¯, the resulting strain can be decomposed into a static ¯ and a dynamic component
˜ (the same considerations apply to σ and B): H = H¯ + H˜ = ¯+ ˜ . (3.20)
As a result, the constitutive equations (3.19) can also be rewritten in terms of their
dc and dynamic components. The static magnetic field causes constant volume
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deformations when applied on a ferromagnetic material: ¯ = SH σ¯ +D H¯B¯ = DT σ¯ + µσ H¯ . (3.21)
In an elastically isotropic material and within the linear approximation, the mag-
netostrictive strain along the magnetization direction is directly proportional to the
applied field through a constant, D11, which is a material property. The magne-
tostrictive strain in any direction orthogonal to the magnetization axis is half the
magnitude and opposite in direction to the strain along the magnetization direction.
In this way, the continuity relationship (1 + 2 + 3 = 0) is satisfied, and volume is
conserved. This also implies that there is no shear magnetostrictive strain in the
directions parallel and orthogonal to the magnetization axis. As a result the static
magnetostriction matrix D can be written as:
D =

D11 −12D11 −12D11
−1
2
D11 D11 −12D11
−1
2
D11 −12D11 D11
0 0 0
0 0 0
0 0 0

. (3.22)
It has to be pointed out that the static constitutive equations (3.21) are less valid
than their analogous counterparts of piezoelectricity, because of the high non-linearity
of magnetostriction. Equations (3.21) are reported for completeness only and will
not be used in the subsequent analysis. The dynamic component of the constitu-
tive equations can be approximated by its leading linear term that connects the
fundamental harmonics of the strain and magnetic field: ˜ = SH σ˜ + d H˜B˜ = dT σ˜ + µσ H˜ , (3.23)
where d is the dynamic magnetostriction matrix. It has to be stressed that the
linearized approximation of Equation (3.23) is valid in the strong bias field approx-
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imation, even when the linearization of the static constitutive equations (Equa-
tion (3.21)) is not applicable. The configuration d depends on the direction of the
magnetization, if the static field lies along the x2 direction in a reference system
{x1, x2, x3}, it can be written as [7, 27]:
d =

0 −d22
2
0
0 d22 0
0 −d22
2
0
0 0 d61
0 0 0
d61 0 0

. (3.24)
The presence of a strong bias field causes the material to appear anisotropic for a su-
perimposed dynamic magnetic field, even if the material is statically isotropic. This
phenomenon is analogous to acoustoelasticity, where a large static bias stress causes
a weakly nonlinear but isotropic material to appear linear but slightly anisotropic
for a small superimposed dynamic stress [67]. Equation (3.24) shows that the ma-
terial appears to be transversely isotropic, with the plane of isotropy normal to the
magnetization axis. The matrix is characterized by two independent terms that
account for different physical phenomena. The coefficient d22 accounts for the nor-
mal dynamic strain ˜2 along the magnetization direction H¯2, caused by a dynamic
magnetic field acting in the same direction H˜2:
d22 =
(
∂2
∂H2
)
H¯2.
(3.25)
This is the first derivative of the magnetostriction curve with respect to the magnetic
field, at the operation point H¯2. Since H˜2 and H¯2 are parallel, the total magnetic field
changes over time, while its direction is constant; as a consequence, d22 represents
the modulation of the magnitude of the bias magnetic field. On the other hand, when
the dynamic field component H˜1 (or H˜3) is orthogonal to the static field H¯2, in the
strong bias approximation H¯  H˜, the magnitude of the total field, H = H˜ + H¯,
does not change (at least at the fundamental frequency of the dynamic field), while
its direction tilts slightly. In other words, d61 represents the dynamic modulation
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Figure 3.2: Calculation of the magnetostriction constants d22 and d61, at a given opera-
tion point H¯2, from a generic magnetostriction curve, according to Equations (3.25) and
(3.26).
of the direction of the bias field. Analyzing this rotation and applying a coordinate
transformation, Ogi and Hirao [7] have shown that this parameter can be correlated
to the total magnetostrictive strain , i.e. the strain parallel to the total field, and
the bias magnetic field:
d61 =
3
H¯2
. (3.26)
All the non-zero coefficients of the matrix (3.24) can be computed from the mag-
netostriction curve of the material: d61 is directly proportional to the total magne-
tostrictive strain,  (and inversely proportional to the static magnetic field) (Equa-
tion (3.26)), while the other coefficient, d22, is proportional to the derivative of the
magnetostriction curve at the operation point, Equation (3.25), as shown in Fig-
ure 3.2. In other words, once a magnetostriction curve is measured, all the piezo-
magnetic coefficients can be determined for any level of the bias magnetic field. From
Equations (3.25) and (3.26) it is clear that d22 and d61 are functions of the static mag-
netic bias field and they depend on the actual shape of the magnetostriction curve of
the ferromagnetic material under investigation. An example is given in Figure 3.3,
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Figure 3.3: (a) Static magnetostriction curve of EN3 steel. (b) Absolute value of the
magnetostriction constants d22 and d61, caluculated according to Equations (3.25) and
(3.26).
where the static magnetostriction curve of EN3 steel is shown (Figure 3.3 (a)) to-
gether with the absolute value of the magnetostriction constants (Figure 3.3 (b)),
d22 and d61, computed according to equations (3.25) and (3.26). Since the value
of the magnetostriction parameters is a non-linear function of the bias field it can
be expected that the amplitude generated by EMATs relying on magnetostriction
shows maxima and minima in accordance to magnetostriction properties. This will
be discussed in Chapter 5 for SH wave magnetostrictive EMATs operating on nickel
and in Chapter 6 for SH wave EMATs operating on steel. It has also to be noted
that the coefficient d61 is larger than d22 for most part, but not the whole range of
magnetic bias field considered.
The theory outlined in this chapter relies on the strong bias field approximation,
which is usually satisfied in practical EMAT applications. In those cases where the
static and the dynamic magnetic field have comparable magnitudes, i.e. H˜ ≈ H¯,
both the amplitude and the direction of the total magnetic field H change and the
magnetostriction matrix d takes a more general form. For a bias field along the x2
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direction, Equation (3.24) has to be rewritten as [7]:
dlowbias =

d11 d21 d31
d21 d22 d21
d31 d21 d11
0 0 d61
0 0 0
d61 0 0

. (3.27)
The matrix components dij have more complex expressions that are essentially
a combination of d22 and d61 of equations (3.25)-(3.26) multiplied by appropi-
ate trigonometric functions of the angle between the dynamic and static magnetic
field [7].
Several authors have pointed out that in some ferromagnetic metals, and for specific
EMAT configurations, the signal amplitude due to magnetostriction can be dom-
inant over the Lorentz and magnetization forces [6, 21]. This behavior has been
experimentally observed when EMATs with magnetic bias field parallel to the sur-
face are operated on materials such as Nickel or steels with oxidized surfaces [17,47].
Even though the importance of magnetostriction in EMAT transduction is widely
recognized, the literature review of Section 2.5 highlighted the absence of a fully
quantitatively validated numerical model including this effect. The implementation
of such a model in a commercial software will be described in the next chapter.
3.4 Conclusions
This chapter analyzed the physical principles that allow an EMAT to generate and
detect ultrasonic waves in a metal sample. A description of the electromagnetic and
elastic equations that govern the operation of the transducer was given. The dif-
ferent mechanisms involved were addressed in detail from a physical-mathematical
point of view. Special emphasis was given to the modelling of magnetostriction
described through the addition of a magneto-mechanical coupling matrix in the
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standard constitutive equations, whose coefficients are characteristic of each ferro-
magnetic material.
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Finite Element model
4.1 Introduction
This chapter presents the numerical model used to solve the equations governing
EMAT operation. The implementation of the main transduction mechanisms in
commercial software is discussed and an introduction to the numerical methods
employed by the software is given. The different phenomena involved in the Lorentz
force mechanism and magnetostriction make the latter very demanding to model.
The choice of mesh size and domain size and the exploitation of symmetries are
illustrated through the example of a simple magnetostrictive EMAT configuration.
Further methods to reduce the computational requirements of the model, i.e. the
use of analytical expression for special geometries and the use of two-dimensional
axisymmetry, are covered in the last part of the chapter.
4.2 Model implementation
The equations presented in Chapter 3 give a comprehensive description of the EMAT
physics. Unfortunately, they can only be solved analytically in very special condi-
tions, when the geometry of the problem is simple and presents symmetries, and if
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several simplifying assumptions are made. In engineering applications, accurate pre-
dictions are needed in situations where the geometry is complicated and the material
properties have a complex behaviour. The only way to overcome these difficulties
is the use of numerical methods. The Finite Element Method (FEM) is currently
applied widely in all engineering fields with considerable success. In the present
study FE commercial software, COMSOL Multiphysics was adopted. This package
solves the partial differential equations (PDEs) that govern electromagnetism and
continuum mechanics, and allows a coupled solution of different physical phenom-
ena influencing each other. Moreover, it is possible to input custom constitutive
equations. These features make COMSOL suitable to model EMATs where electro-
magnetic and elastic effects are coupled together.
For the Lorentz force mechanism a static magnetic model computes the magnetic
flux density field B¯ produced by the permanent magnets, while a dynamic elec-
tromagnetic model evaluates the eddy current density Je induced in the sample
by the driving current. These quantities are used to derive the resulting Lorentz
force, according to Equation (3.8), which is then used as an input load to the me-
chanical model that simulates ultrasonic waves. This uncoupled electro-mechanical
approach has been used in previous research [10,19,42] and has been experimentally
validated [59].
The implementation of magnetostriction requires the customization of the consti-
tutive equations of the material (Equations (3.19)). As mentioned in the previous
chapter, magnetostriction is both a static and a dynamic effect. The permanent
magnet (or electromagnet) of the transducer causes strains on a ferromagnetic sam-
ple. However, such strains, being static, do not generate elastic waves. On the other
hand, the small dynamic magnetic field produced by the driving current creates
small perturbations of the static equilibrium that can induce time-varying mechan-
ical waves. For these reasons, the static effects are not simulated and only the
dynamic perturbation effects are analyzed (Equations (3.23)).
There is a significant difference between the Lorentz force transduction mechanism
and the magnetostrictive mechanism. It has been shown [9], that in the high conduc-
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tivity hypothesis, which is commonly used for metals, the electromagnetic skin depth
does not affect the transduction efficiency of the Lorentz force mechanism. This hap-
pens essentially because the skin depth varies the eddy current distribution in the
sample but not the total induced current. In contrast, the amplitude due to mag-
netostrictive generation is significantly affected by the electromagnetic skin depth.
Since the generated wave amplitude is proportional to the dynamic field this effect
implies that the sensitivity of the sensor depends on the phenomena taking place
in the skin depth. This has profound implications in the FE simulations of magne-
tostrictive EMATs: in order to obtain a correct solution of the electro-mechanical
equations, both the elastic wavelength λ and the electromagnetic penetration depth
δ have to be resolved employing a sufficient number of elements. In most practical
cases λ  δ holds, requiring the use of a very refined mesh in the regions were
magnetostriction transduction occurs. The dimensional mismatch between λ and
δ can be extremely serious: for nickel, if µr = 100 and the driving frequency is
300 kHz, we have λ/δ ∼= 400. The implication is that a large number of elements is
needed, even for simple models, making the simulations extremely demanding from
a computational point of view.
4.3 Numerical solution of the governing equations
For the electromagnetic part of the modelling, the “AC/DC, Magnetic Quasi-Static”
application mode was adopted [68]. This code uses the quasi-static approximation
(Section 3.2.1) which neglects the term ∂D/∂t in Maxwell’s equations. This simpli-
fication is reasonable for the frequencies of interest in EMATs where the dimensions
of the problems are small compared to the electromagnetic wavelength λEM = cl/f ,
where cl is the speed of light and f the excitation frequency. The electrodynamic
equations (3.1) - (3.6) are solved introducing a scalar potential V and a magnetic
vector potential (MVP), A, defined as:
E = −∇V − ∂A
∂t
, (4.1)
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B = ∇×A. (4.2)
After some manipulations [68], Ampe´re’s law (Equation (3.2)) can be reduced to the
differential equation:
σ
∂A
∂t
+∇× (µ−10 ∇×A−M)− σv × (∇×A) + σ∇V = Jext, (4.3)
where v is the velocity of the conductor and Jext is the external current density.
The divergence of Equation (4.3) yields:
−∇ ·
(
σ
∂A
∂t
− σv × (∇×A) + σ∇V − Jext
)
= 0. (4.4)
Equations (4.3) and (4.4) completely define the electrodynamic problem in terms of
the two unknown potentials, V and A and are numerically solved by the software.
The mechanical part of the model exploits the “Structural Mechanics” module of
COMSOL [68]. The elastic problem is solved using the principle of virtual work
where the displacement field u (x1, x2, x3) in the 3D space is the unknown. The
principle states that the sum of virtual work from internal stresses equals the virtual
work from external loads [68]. If the total stored energy is W , the principle can be
expressed as:
δW = 0. (4.5)
This equation can be computed with numerical solvers implemented in the program,
yielding the solution of the elastic problem.
When a magnetostrictive domain is modelled, the expression of the total energy W
is not that usually found in linear elasticity, as electromagnetic quantities enter in
it due to the coupling terms in the constitutive equations (Equations (3.23)). In
COMSOL it suffices to implement a multiphysics model, with modified constitutive
equations; detailed mathematical formulations of Finite Element magnetostrictive
models have been developed in the field of actuators and smart structures and can
be found in the literature [69–71].
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4.4 3D Finite Element model for magnetostric-
tive SH waves EMAT
The practical implementation of the FE model described in the previous sections
can be better understood through an example EMAT configuration. We consider
here a transducer generating Shear Horizontal (SH) waves in ferromagnetic plate-
like structures, using a static magnetic field and a single wire carrying the driving
current. The static magnetic field runs parallel to the wire (x2 direction), whereas
the dynamic field acts perpendicularly to it, along the x1 direction. No Lorentz force
is produced as the static field and the induced eddy currents are parallel. Since there
is only a change in the direction of the total magnetic field, not in its magnitude,
shear strains are produced below the wire that generate SH waves (Figure 4.1) [26,
27]. The configuration can be described mathematically by Equations (3.23) with
bias field along the x2 direction:
˜1
˜2
˜3
˜4
˜5
˜6

=

s11 s12 s12 0 0 0
s12 s11 s12 0 0 0
s12 s12 s11 0 0 0
0 0 0 s44 0 0
0 0 0 0 s44 0
0 0 0 0 0 s44


σ˜1
σ˜2
σ˜3
σ˜4
σ˜5
σ˜6

+

0 −d22
2
0
0 d22 0
0 −d22
2
0
0 0 d61
0 0 0
d61 0 0


H˜1
H˜2
H˜3
 ,(4.6)

B˜1
B˜2
B˜3
 =

0 0 0 0 0 d61
−d22
2
d22 −d222 0 0 0
0 0 0 d61 0 0


σ˜1
σ˜2
σ˜3
σ˜4
σ˜5
σ˜6

+

µ11 0 0
0 µ11 0
0 0 µ33


H˜1
H˜2
H˜3
 .(4.7)
where d22 and d61 are defined by equations (3.25)-(3.26) and an elastic isotropic
medium has been assumed, thus s44 = 2(s11− s12). In principle, the theory outlined
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in Chapter 3 might be applied to more general anisotropic media, however, through-
out this thesis it will be assumed that the media under investigation are elastically
isotropic.
Because of the spatial position of the wire (along the x2 axis), H˜1 is the largest
dynamic component and the main contribution to SH waves comes from the term
˜6 ∝ d61H˜1. It can be shown [27] that SH waves are generated and detected only by
a subset of equations (4.6)-(4.7), i.e.:
 ˜6 = s66 σ˜6 + d61 H˜1B˜1 = d61 σ˜6 + µ11 H˜1 , (4.8)
where the second equation of the system accounts for the inverse magnetostrictive
effect that allows the transducer to detect elastic waves. Equations (4.8) show
that this EMAT configuration relies only on the magnetostriction coefficient d61,
while d22 does not contribute to the generation and detection of SH waves. As a
consequence, the performance of this transducer strongly depends on d61, but also
on other physical properties, namely the magnetic permeability, as will be shown in
Section 5.6.1.
The EMAT described has been modelled in COMSOL (Figure 4.2). It was simulated
the operation on a 240 mm diameter, 0.5 mm thick nickel disk. A straight wire lies
above the disk (x3 < 0 semi-space), 0.1 mm away from it, and carries a 1 A current
oscillating at 100 kHz. As mentioned, the solution of this problem is computationally
extremely demanding, so special care is needed when designing the model. Only
the inner part of the disk, just below the wire, employs the full magnetostrictive
equations (Equation (3.23)), since the dynamic magnetic field H˜1 has a significant
amplitude only in a limited region of the plate, due to the skin depth effect. The
induced eddy currents are concentrated near the surface of the conductor and decay
in an exponential fashion, regulated by the skin depth parameter δ [12]. Figure 4.3
shows the dynamic magnetic field induced in the nickel plate by the driving current,
as computed with a FE electrodynamic simulation. The intensity of the dynamic
field H˜1 exponentially decreases with depth (x3 direction) and, with a lower rate,
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Figure 4.1: Schematic diagram of a SH magnetostrictive EMAT on a plate lying in
the {x1, x2} plane. The static and the dynamic magnetic fields are indicated. The shear
deformation of the material below the wire is highlighted. Shear horizontal waves propagate
in the x1 direction, causing a particle motion v in the x2 direction.
with the lateral distance (x1) from the wire. For this reason, the full constitutive
Equations (3.23) are employed only in the limited region where magnetostriction is
significant, while in the rest of the plate the usual linear elastic constitutive equations
are used. The outer part of the disk uses a purely elastic constitutive equation, as
the effect of the dynamic current is negligible in this region, and only the wave
propagation has to be computed. The boundary between the magnetostrictive and
the elastic region was defined such that in the magnetostrictive volume the dynamic
field is at least 1 % of the its maximum value: H˜1 (x1, x2, x3) ≥ 0.01 H˜max1 . This
approximation does not affect the accuracy of the simulation but saves significant
computation time. Finally, a circular absorbing region, with non-zero damping
constant, surrounds the disk. This avoids back-reflections from the edge of the disk,
thus enabling the simulation of an infinite plate. This region has the same elastic
properties as the original medium, but has dissipative properties due to damping.
The so-called proportional or Rayleigh damping [68] is used:
C = αM + βK, (4.9)
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Figure 4.2: Finite Element model of SH wave magnetostrictive EMAT configuration.
The transducer is made of a current-carrying wire producing a dynamic magnetic field
and permanent magnets (not shown) to provide a bias field. The disk is divided into
a magnetostrictive region, where transduction occurs, an elastic region where SH waves
propagate and and absorbing region to avoid back reflections from the edges of the model.
The domains use different mesh refinements to correctly resolve the electromagnetic skin
depth or the elastic wavelength. Only a quarter of the full geometry is modelled due to the
symmetry planes {x1, x3} and {x2, x3}. In the equivalent full model, the wire completely
lies above the plate (dashed line in the inset) and carries a current with amplitude I = 1 A.
where C is the damping matrix, M is the mass matrix, and K is the stiffness matrix;
α and β are the damping factors. The damping matrix appears in the governing
differential equation as a matrix coefficient multiplying the velocity, thus introducing
a dissipative term In this case, β was set to zero, whereas α was a cubic function of
the distance from the inner radius ri of the absorbing region: α ∝ (r − ri)3, where
r =
√
x21 + x
2
2 is the radial distance from the centre of the wire.
The whole model employs a mesh of quadratic tetrahedral elements. Different mesh
refinements are employed for the magnetostrictive region, where the transduction
takes place and δ has to be resolved, and the elastic region, where simple elastic
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Figure 4.3: FE simulation showing the magnitude of the tangential component of dynamic
magnetic field, H˜1, induced in a nickel plate by the driving current carried by an infinite
(in the x2 direction) wire. The field exponentially decreases both with depth (x3 direction)
and lateral distance (x1) from the wire. δ denotes the electromagnetic skin depth. By
only using the full model in the dashed triangle, the computational weight of the model is
drastically reduced.
propagation occurs and the wavelength λ has to be resolved (Figure 4.2). In all the
EMAT models presented in this thesis it was chosen to employ around 15 elements
per wavelength, which complies with criteria established in previous research [72],
dictating at least 7 elements per wavelength. As for the electromagnetic skin depth,
a convergence study was carried out. The FE predicted magnetic field due to an
infinite current-carrying wire above a half-space was compared to an analytical solu-
tion [73]. The discrepancy between the numerical and the exact solution is plotted
as a function of the number of elements per skin depth in Figure 4.4. In order to
achieve errors lower than 1%, it was chosen to use three elements per skin depth in
all the EMAT models presented in this work. To avoid abrupt changes in the mesh
density of the different regions, an “element growth rate” [68] is set to 1.2, i.e. the
size of the elements can grow by no more than 20% from one element to another at
the boundary between two regions.
Two planes of symmetry are present, i.e. the {x1, x3} and the {x2, x3} planes pass-
63
4. Finite Element model
5%
4%
3%
r  [
%
]
2%E r
r o
r
1%
0%
0 1 2 3
Elements per Skin Depth
Figure 4.4: Percentage error between FE simulation and the corresponding exact solution
as a function of the number of elements per skin depth. The magnetic field caused by an
infinite wire carrying a time-varying current above a conductive half-space was computed
with Comsol Multiphysics and with closed-form equations [73].
ing through the origin of axes (Figure 4.2). Thus, by defining appropriate boundary
conditions the model can be reduced to a quarter of the full model. In the electrody-
namic model, in the {x1, x3} plane the boundary condition n×A = 0 is prescribed,
i.e. null tangential component of the magnetic vector potential, and consequently
the magnetic field H˜ is tangential to the considered plane of symmetry. The other
symmetry condition applied to the {x2, x3} plane is n× H˜ = 0, which implies a zero
normal component of the electric current. For the mechanical part of the model, the
{x1, x3} and the {x2, x3} planes are prescribed the “y-z” and “x-z symmetry plane”
conditions respectively. With these boundary conditions, and by applying an equiv-
alent driving current, that is Ireduced = Ifull/2, the problem has to be solved only
in the volume {x1 ≥ 0, x2 ≥ 0, x3}, thus reducing the number of degrees of freedom
to about a quarter of the full model. Figure 4.5 shows the results of FE simulations
of a full model (solid line) against a model employing the two planes of symmetry
(circles) for the same magnetostrictive SH EMAT. A polar plot of the displacement
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Figure 4.5: Polar plot of the displacement component along the x2 direction, v, at
a distance r = 50 mm produced by a magnetostrictive SH wave EMAT in a plate. The
displacement is expressed in arbitrary units per unit current. The reference system is the
same used in Figures 4.1 and 4.2 The FE simulation of a full model (solid line) is compared
to a model employing the two planes of symmetry (circles) for the same magnetostrictive
SH EMAT.
component along the x2 direction, v, produced by the same SH wave EMAT in a
plate is shown.
4.5 Simplified models: analytical-numerical ap-
proach
A useful strategy to reduce drastically the computational requirements of magne-
tostrictive models relies on the use of a hybrid analytical-numerical approach. This
kind of simplification can only be used when analytical solutions to part of the prob-
lem, either the electrodynamic or the elastic one, are available in closed form. It
is seldom possible to find such analytical expressions, however, whenever they are
available they can be employed to reduce the memory requirements and the compu-
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tational time greatly. A typical example is the case of those EMAT configurations
whose coil is made of several long straight sections, like meander or race-track coils
(Section 2.4). In these cases, the dynamic magnetic field induced in a ferromagnetic
material can be approximated with the analytical expression found by Chari and
Reece for an infinitely long wire above a half-space [73]. It is possible to exploit
these equations, for example in the modelling of the SH wave EMAT described in
the previous section, such that the first constitutive equation of (4.8) becomes:
˜6 = s66 σ˜6 + d61 H˜
?
1 , (4.10)
where H˜?1 is not an unknown quantity to be computed numerically, but is given
by a known closed form expression. Since the electrodynamic problem is solved
via analytical means, the electromagnetic potentials A and V do not have to be
computed and each node of the mesh requires four degrees of freedom less than
those of the original model, that is, only a simple elastic model has to be solved.
This significantly reduces the computational time, as this is roughly a function of
the square of the total number of degrees of freedom for harmonic simulations.
The use of analytical solutions introduces the pros and the cons of such methods.
Only special geometries can be addressed, effects such as the finiteness of the wires
(edge effects) or their conductivity are neglected and mutual coupling between the
generation and reception process is assumed to be insignificant. On the other hand,
an appropriate choice of the simplifying model can lead to satisfactory approximate
solutions with considerably smaller computational requirements. Figure 4.6 shows
the results obtained for the same model of SH magnetostrictive EMAT described in
the previous section. The magnitude of the displacement v is plotted along the x1
axis for a multiphysics model together with a model using an analytic solution for
the dynamic magnetic field. While the discrepancy between the two simulations is
limited to 5-10%, the model employing the analytic expression for H˜1 is significantly
faster and less demanding than the multiphysics model.
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Figure 4.6: Magnitude of the particle displacement v plotted along the x1 axis (for x2 =
x3 = 0) for a SH magnetostrictive EMAT as the one shown in Figure 4.2. The results from
a full multiphysics model (continuous line) are shown together with those from a model
using an analytic solution for the dynamic magnetic field (dashed line).
4.6 2D axisymmetric model
For some EMAT configurations, for example the pancake coil shear wave EMAT, the
three dimensional problem can be approximated with a simplified two-dimensional
axisymmetric model, in cylindrical coordinates {r, z, φ}. If the driving current flows
in the azimuthal direction, i.e. perpendicular to the modelled plane {r, z}, the mag-
netic vector potential has only one nonzero component Aφ (r, z) and the electro-
dynamic problem reduces to finding the solution of a single scalar PDE, which is
computationally simple. The mechanical part of the model can also be simplified
by using COMSOL’s “Stress-Strain, Axial Symmetry” application mode [68]. A
cylindrical coordinate system is employed and the elastic equations are solved for
the displacements in the radial and axial directions. The assumption is that the
circumferential component of displacement is zero, as well as the stress and strain
components σrφ, σzφ, rφ, zφ, and that the loads act on the {r, z} plane only.
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Finally, assuming that the material is magnetized along the z direction, magne-
tostriction constitutive equations reduce to:
˜r = s11 σ˜r + s13 σ˜z + d31 H˜z
˜z = s13 σ˜r + s33 σ˜z + d33 H˜z
˜rz = 2 s44 σ˜rz + d15 H˜r
(4.11)
and,  B˜r = 2 d15 ˜rz + µ11H˜rB˜z = d31 ˜r + d33 ˜z + µ33H˜z . (4.12)
4.7 Conclusions
A description of the numerical methods used to simulate EMAT operation has been
given. A SH wave magnetostrictive EMAT configuration has been taken as an ex-
ample to illustrate how to effectively choose the size of the domains and of the mesh
grid. The use of symmetries and analytical solutions to reduce the computational
demands of the model has also been discussed. Several researchers have already
proposed EMAT Finite Element models [7, 40–45, 56–59], even including magne-
tostriction; however, the critical question is how well the predictions of the model
correlate with real-world data. The experimental validation of the present FE model
will be the topic of the next chapter.
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Chapter 5
Validation of the model
5.1 Introduction
This chapter investigates the validity of the FE model presented in Chapter 4 by
comparing its predictions with experimental tests. This is a multi-step process
that starts with the assessment of the performance of the single COMSOL modules
against analytical benchmarks. Then a full multiphysics model is validated: a 3D
magnetostrictive EMAT on a nickel plate is used as a case study. First a qualitative
validation is given, showing how the model is able to successfully compute the wave
amplitude dependence on significant parameters: the static bias field, the driving
current amplitude and the excitation frequency. A quantitative validation follows,
where the wave amplitude per unit current is predicted without the use of any
arbitrary adjustable parameter and is compared to experimental tests.
5.2 Model benchmark
Prior to validation of the full multiphysics model, the single modules have to be
benchmarked against known analytical solutions to assure the reliability of the soft-
ware. Sections 5.2.1-5.2.3 are simply a verification of Comsol’s performance in known
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applications. First, the electromagnetic module is addressed: both the induction of
eddy currents in a metal sample due to a time-varying current and the magnetic
field caused by a permanent magnet are numerically modelled and compared with
their analytical counter-parts. Then a simple mechanical model for ultrasonic waves
is validated against an analytical model.
5.2.1 Eddy current
As a benchmark for the generation of eddy currents in a metallic sample, the clas-
sical Dodd and Deeds [35] model for a circular coil above a conductive medium
was used. This model assumes an axisymmetric geometry, expressed in cylindrical
coordinates {r, z, φ}. The circular coil is modeled as a thin current sheet parallel
to the surface of the sample, and placed at a distance h from it, the lift-off. The
current is sinusoidally-varying and has only a circumferential component Jφ; thus,
the problem can be solved by means of a single differential equation with the cir-
cumferential component of the magnetic vector potential Aφ (r, z) as the unknown
variable. The induced eddy current in the sample is then computed simply as:
Je = −jωσAφ, where ω is the angular frequency and σ the conductivity of the
sample. A solution of the problem using Dodd’s and Deed’s formula can be found
in [37] for a case with the following geometrical parameters and material properties:
a 3 mm inner radius, 17 mm outer radius coil with lift-off 0.6 mm is driven by a
sinusoidal current of amplitude 1 A and frequency 1 MHz, acting on an infinite alu-
minum half-space with conductivity 36.5 MS/m, and relative permeability unity. A
numerical model was implemented in COMSOL to be compared to the theoretical
model. The electromagnetic module of the program was used (AC/DC module),
with axial symmetry. The chosen application mode was the “Azimuthal Induction
Currents, Vector Potential”, with time-harmonic analysis. This code solves numer-
ically the same differential equation solved analytically by Dodd and Deeds. The
same parameters of the analytical model were used, the only difference lying in the
fact that the coil in the FE model has a finite thickness. This parameter was set
to a very small value (0.01 mm) and the current density was adjusted so that the
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Figure 5.1: Radial distribution of magnetic vector potential on the surface of an alu-
minum sample. Analytical solution (dots) compared with the numerical one (continuous
line). The position of the cross-section of the coil is highlighted; for symmetry reasons
only half of the distribution is shown (for positive values of r).
total current would be the same as that of theoretical model, that is, 1 A. The
conductivity inside the coil cross-section was fictitiously set to zero, in order to
reproduce the homogeneous current sheet assumed in the theoretical model. The
boundary conditions employed were the continuity of the tangential component of
the magnetic field across different regions (n× (H1 −H2) = 0, where n is the unit
vector normal to the surface separating domain 1 from domain 2) and the magnetic
insulation condition (Aφ = 0) for the other boundaries, representing the asymptotic
behavior at infinity. The model employed 100, 000 triangular elements (quadratic
Lagrange elements) and was solved by means of an iterative algorithm (GMRES) in
a few minutes on a desktop PC. The result of the computation is shown in Figure 5.1
together with the analytical solution. The radial distribution of the modulus of the
magnetic vector potential generated on the metal surface (z = 0) is shown. The
agreement between the two models is excellent.
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5.2.2 Static magnetic field
Analytical relationships predicting the static magnetic field due to a magnet are
available only for simple geometries and along particular directions. For instance,
the magnetic flux density along the axis of a cylindrical, rare earth (Neodymium-
Iron-Boron or Samarium-Cobalt) magnet, at distance z from its pole can be found
in the catalogs of the manufacturers [74]:
Bz =
Br
2
(
L+ z√
R2 + (L+ z)2
− z√
R2 + z2
)
, (5.1)
where L and R are the length and the radius of the magnet, while Br is its rema-
nence. For comparison, a Finite Element model was developed. This serves only
as a verification of Comsol’s performance as Equation (5.1) does not hold when a
ferromagnetic material is nearby the magnet. The model exploits axisymmetry; the
application mode is again the “Azimuthal Induction Currents”, solving for the mag-
netic vector potential and using a static analysis, as no time-varying phenomena are
involved. Within the magnet the constitutive relation used is:
B = µ0µrH + Br. (5.2)
This assumes a linear demagnetization curve (second quadrant of the B-H curve)
defined by two parameters: the remanence, that is, the magnetic flux density when
the magnetic field is null (Br = BH=0), and the permeability µr which determines
the slope of the line. The magnet is surrounded by air and continuity relations are
assumed at the boundaries. In both the numerical and analytical model, a NdFeB
magnet was employed, magnetized along the z axis with remanence Br = 1.23 T
and unit relative permeability. The magnet has a 36 mm diameter (2R) and is
6 mm thick (L). A comparison of the result of the analytical formula (5.1) with the
analogous FE simulation is given in figure 5.2; the matching is extremely accurate.
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Figure 5.2: Magnetic flux density produced by a NdFeB cylindrical magnet, 2R diameter
and L thick. Comparison FE vs. analytic model along the magnet axis, z direction, starting
from the surface of a pole. The magnet is surrounded by air.
5.2.3 Ultrasonic field
To benchmark the mechanical module of COMSOL, a classical model relevant to
NDT, the so-called piston-source model was used. The model represents an elastic
half-space with a uniform harmonic stress applied over a circular area on its surface,
in the direction normal to it, as shown in Figure 5.3. This model is popular in Non-
Destructive testing since it can be employed to describe the ultrasonic field caused
by a cylindrical piezoelectric transducer applying a normal force on a sample. Miller
and Pursey [36] found the analytical solution to this axisymmetric problem. The
numerical counter-part of this model was implemented in COMSOL. The “Struc-
tural Mechanics” module was adopted with the “Axial Symmetry, Stress-Strain”
application mode. This application solves the Navier equation for an isotropic elas-
tic medium (Equation (3.10)) in cylindrical coordinates {r, z, φ}, assuming that the
displacement in the circumferential direction (φ direction) is zero and that loads are
only in r and z directions and are independent of φ. The surface force is applied on a
circular area of radius 10 mm, its amplitude is 1 Pa and varies sinusoidally at 1 MHz.
73
5. Validation of the model
r
z
Harmonic Force 
Elastic
Region
Absorbing 
RegionAxis of
Symmetry
Figure 5.3: Geometry of the piston-source model on a half-space implemented in COM-
SOL. The applied uniform force is also shown.
This force acts on an aluminum sample: Young’s modulus 69 GPa, Poisson’s ratio
0.33, density 2700 Kg/m3. The analytical model assumes a semi-infinite medium,
which cannot be implemented directly in the numerical model. In order to overcome
this issue, an absorbing region surrounding the elastic region is added to the model.
The results of the computation are shown in Figure 5.4. The amplitudes of both the
radial and the axial displacement are plotted against the angle from the symmetry
axis, on a hemisphere of 70 mm radius. An analytical solution of the same problem
was found by Kawashima [10] and the resulting displacements are also plotted in
Figure 5.4. The comparison of the two solutions, numerical and analytical, yields
satisfactory match.
5.3 Multiphysics model validation
Having satisfactorily tested each COMSOL module to be employed in the full EMAT
model, the overall performance of a complete model is to be assessed. As mentioned,
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Figure 5.4: Piston source model. Normal and radial displacements, uz and ur, as a
function of the angle from the symmetry axis, at a distance |r| = 70 mm away from the
source; as simulated in COMSOL (––and ––, respectively) and from analytical calcula-
tions (•and —) from [10].
EMATs exploit both the Lorentz force mechanism and magnetostriction to generate
and detect ultrasonic waves.
A large number of studies on the Lorentz force mechanism has been published;
comprehensive monographs on EMATs by Thompson [6] and Hirao and Ogi [7]
summarize the state of the art on this research topic. The phenomenon has been in-
vestigated with numerical models [40–45,56–58] and validated against experimental
data [59]. On the other hand, the status of the understanding of magnetostric-
tion is less satisfactory due to its complex behaviour: non-linear, hysteretic coupled
equations, together with a number of experimental difficulties make its study chal-
lenging. It is important to recall that the analysis of magnetostriction is paramount
as this transduction mechanism is the dominant one in some EMAT configurations
operating on ferromagnetic metals (Section 2.4) and it has been claimed by some
authors [21] to be the dominant transduction mechanism in general.
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Finite Element magnetostrictive models have been developed for actuators and
smart structures to simulate the operation of giant magnetostrictive materials like
Terfenol-D [69–71]. There have been many Finite Element models for Lorentz force
EMATs, but few have included magnetostriction. Ludwig et al. [40–45] developed
an EMAT finite element model inclusive of magnetostriction, however it was not
validated against experiments, and the physical parameters inputted to the model
were just estimated, not measured.
For these reasons, the validation of the model will focus on a magnetostrictive
EMAT, that had not been studied via the Finite Element Method before. To sim-
plify the validation process, the chosen EMAT configuration does not exploit the
Lorentz force mechanism at all, so the generation of ultrasonic waves can be en-
tirely attributed to magnetostriction. In Chapter 6 the operation of a Lorentz force
EMAT will be simulated and experimental data will validate the predictions for
Lorentz force-type EMATs.
5.4 Magnetostrictive Shear Horizontal wave EMAT
The EMAT configuration described in Section 4.4 was employed to validate the FE
model. This transducer produces Shear Horizontal (SH) waves in ferromagnetic
plates, due to magnetostrictive effects only as the current-carrying wire and the
static bias field are parallel to each other (Figure 4.1). The operation of this type
of EMAT is described mathematically by Equation (4.8).
The operation on a 0.5 mm thick nickel disk was simulated, as shown in Figure 5.5.
The straight wire carries a 1 A current oscillating at frequencies between 100 kHz and
300 kHz. The wire is placed above the disk, 0.1 mm away from it. The plate has the
material properties of nickel: Young’s modulus 200 GPa, Poisson’s ratio 0.29, mass
density 8900 kg/m3, electrical conductivity 14.3 MS/m. The full magnetostrictive
equations (Equations (4.6)-(4.7)) are used only in the inner part of the disk, near
the wire, while the outer part of the disk uses a purely elastic constitutive equation.
The surrounding annular area is an absorbing region to avoid back reflections from
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Figure 5.5: Finite Element simulation of a magnetostrictive EMAT generating SH waves
on a nickel disk. The particle velocity along the x2 axis is displayed [µm/s]. Planes of
symmetry were employed to reduce the size of the model; for clarity the figure shows a
zoom on the central region of a complete model.
the edge of the disk, thus enabling the simulation of an infinite plate. The model
employs a mesh of quadratic tetrahedral elements and two planes of symmetry, as
described in Section 4.4.
The model is solved for the coupled electrodynamic equations and linear elastic
equations, at the excitation frequency. The result is shown in Figure 5.5 where
the particle velocity along the x2 direction is plotted. The model has successfully
computed the generation of SH0 waves propagating along the x1 direction. Thus
the simulation can predict a mechanical effect caused by electromagnetic inputs: the
static bias field and the dynamic currents.
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5.5 Magnetostriction measurement
The magnetostriction curve, i.e. magnetostrictive strain against static magnetic field
strength, has to be measured in order to determine the magnetostriction parameters
(Equations (3.25)-(3.26)) to be fed in the numerical model. This is a non-trivial task
for several reasons: the strains to be measured are small in many metals (less than
8-10 ppm in common carbon steels), and of the order of magnitude of those due to
thermal expansion for a 1◦C temperature change. Another issue is the determina-
tion of the magnetic field H within the metal, as we can only measure the value
of the magnetic flux density B, outside the sample. These problems can be over-
come by careful design of the experiment. However, what cannot be avoided is the
intrinsic variability of magnetic properties. Magnetostriction is extremely sensitive
to a number of external parameters such as the residual stress in the material, the
texture and previous history of magneto-mechanical loads [11,75]. This difficulty is
exemplified in Figure 5.6 where five magnetostriction curves for pure nickel, mea-
sured by different researchers [11, 12, 33, 64, 76], are reported. Even if the sample
is a pure metal, there are significant discrepancies, especially in the low-field re-
gion (this is partly due to hysteresis, but this phenomenon alone cannot account for
the observed differences). In order to obtain unambiguous data for the numerical
model, the magnetostriction curve of the nickel sample to be used for the subse-
quent validation of the model was measured. The sample, a 0.5 mm thick, 99.0%
pure nickel plate, was annealed at 700◦C for thirty minutes to minimize the above
mentioned experimental variabilities. Since the Curie temperature of pure nickel
is 354◦C, the process completely demagnetized the sample, bringing it back to its
virgin magnetic status. Furthermore, residual stresses and texture were removed
within the experimental error and the intrinsic material variations, as Barkhausen
noise measurements performed by the staff of Prof P. Nagy at University of Cincin-
nati demonstrated. To measure the magnetostriction curve, the sample was placed
in the air gap of a magnetic circuit. Two electromagnets driven by an adjustable
dc current generated the bias field, the resulting magnetic field being proportional
to the driving current. The magnetic flux density generated at the surface of the
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Figure 5.6: Magnetostriction curves of pure nickel, as measured by Bozorth [11],
Jiles [12], Chen et al. [76], Thompson [33], Lee [64], and the author of the present work
(0.4 ppm standard deviation ).
sample, in a direction parallel to the surface (Bair) was measured by using a Hall
gaussmeter (GM04, Hirst Magnetic Instruments). The magnetic field strength in-
side the material can then be estimated by acknowledging that Hair = Bair/µ0 and
that the boundary conditions for H prescribe the continuity of the tangential com-
ponent at the boundary between two media, so Hsample ∼= Hair. Four strain gauges
(Kyowa) in a full bridge configuration were employed. Two gauges on the opposite
arms of the Wheatstone bridge were parallel to the static bias field, while the other
two gauges were perpendicular to it; this configuration maximizes the sensitivity
to the strain in the bias field direction while cancelling out any bending strain or
thermal expansion strain. The final result is also shown in Figure 5.6, in excellent
agreement with one of the curves found in the literature.
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Laser Heads
Electromagnets
Nickel Plate
Current-carrying wire
Figure 5.7: Experimental set-up for model validation. A simple magnetostrictive EMAT
is made of a straight current-carrying wire and two electromagnets. The transducer gen-
erates SH waves in a nickel plate whose particle velocity is detected by laser vibrometers.
5.6 Validation
The model was compared against a simple experiment. The validation focused on the
magnetostrictive generation mechanism as a function of different relevant quantities:
the static bias field H¯, the dynamic magnetic field H˜ and the excitation frequency,
f .
A magnetostrictive SH wave transducer, like the one described in the Section 4.4,
was used to generate waves in a nickel plate and the in-plane particle velocity 65 mm
from the transducer was detected by a laser Doppler vibrometer (two Polytec OFV
505 heads, with OFV 5000 controllers, oriented at ±30◦ from the normal of the
plate). The driving signal through the wire was a five-cycle toneburst, 4 A peak to
peak current, centred at the target frequency. The same geometry and parameters
used in the FE model were reproduced in the test. Figure 5.7 shows a picture of the
experimental set-up used.
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5.6.1 Qualitative validation
Bias field dependence
First the experiment was performed varying the static bias field, H¯2; this is a sig-
nificant test, since the shear strain, and thus the signal amplitude, is commonly
supposed to be proportional to d61, which is a function of the static field (Equa-
tion (4.8)). The control of the bias field was achieved by changing the driving cur-
rent of the electromagnets producing the field. It has been verified that the resulting
static magnetic field is directly proportional to the current fed to the electromag-
nets. The magnetic flux density along the x2 direction (B¯
Air
2 ) was measured with a
Hall gaussmeter. The magnetic field in air was then computed as H¯Air2 = B¯
Air
2 /µ0;
due to boundary conditions, the field within the thin nickel plate is approximately
the same as that measured in air: H¯Ni2
∼= H¯Air2 . This approximation was verified
numerically with COMSOL, and yields an error smaller than 5%.
In each test, the static magnetic field within the material H¯2 and the velocity signal
detected by the laser vibrometer v2 (t) were measured. In this way, it was possible to
compare the theoretical trend of d61
(
H¯
)
, computed according to Equation (3.26),
against the experimental generation efficiency (Figure 5.8). The test was performed
at three different centre frequencies: 100 kHz, 200 kHz and 300 kHz. The test was
limited to the typical guided wave inspection range, as opposed to the bulk wave
example of Section 5.2.3.
The comparison between the normalized experimental results and the numerical
predictions yields excellent agreement, giving a first qualitative validation of the
model. The shapes of the curves are not significantly affected by frequency: the
trend is essentially the same, with a more pronounced reduction of the amplitude
with frequency in the high bias field region. There is also a slight change in the
position of the maxima of the curves at different frequencies. The trends of the
experimental and FE results are consistent with each other but differ significantly
from the trend of d61. This behaviour may seem unexpected at first glance since
˜6 ∝ d61 H˜1 (Equation (4.8)), and can be explained only if we account for other
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Figure 5.8: Qualitative validation: normalized particle velocity amplitude as a function of
the magnetic bias field. Experimental values are shown together with numerical predictions,
for different frequencies. The trend of the magnetostriction constant d61 (grey line) is
shown for comparison.
phenomena taking place during the experiment. First of all, the relative magnetic
permeability of the sample, µr, changes with the static magnetic field H¯2. Since
nickel is ferromagnetic, its magnetization curve, B versus H, is a non-linear func-
tion (Figure 5.9 (a)). Consequently, the magnetic permeability µr =
B
µ0H
is not
a constant, and varies as a function of the static field: µr = µr
(
H¯2
)
. When the
static and dynamic magnetic fields are parallel to each other, only the magnitude of
the total field H changes, not the direction, thus the magnetic permeability is the
differential one: µ′r =
1
µ0
∂B
∂H
(Figure 5.10 (a)); however in our case, the static and
the dynamic magnetic fields are normal to each other and there is only a change
in the direction of the total magnetic field, not in its magnitude (in the first order
approximation), thus the static permeability, µr =
B
µ0H
, is the relevant parameter to
be employed (Figure 5.10 (b)). If we consider the dynamic electric current carried by
the wire, it causes a magnetic field within the nickel plate next to it, H˜1. It is known
that the amplitude of the field inside the medium depends on its magnetic perme-
82
5. Validation of the model
0
600
0.0 0.5
Depth, x 3 [mm] 
D
y n
a m
i c
 M
a g
n e
t i c
 F
i e
l d
 
[ A
/ m
]
(b)
μ 2
μ 1
μ 1>μ 2
0
90
180
0 20
Magnetic Field, H  [kA/m]
P e
r m
e a
b i
l i t
y ,
 μ
r
0
0.35
0.7
 F
l u
x  
D
e n
s i
t y
,  B
 [ T
]  
μ r
B
(a)
Figure 5.9: (a) Magnetization curve and magnetic permeability of nickel, after Chen et
al. [76]. (b) Distribution of the dynamic magnetic field over the thickness of a nickel plate
for different relative permeabilities. Results from FE simulations with µ1 = 80, µ2 = 20;
driving frequency f = 100 kHz.
ability: the larger µr, the smaller the resulting magnetic field: H˜1 = H˜1 (µr). This
is a consequence of Ampere’s law: the closed-loop integral of the magnetic field (in
our case H˜) must equal the total enclosed current. When the magnetic permeability
of a ferromagnetic medium is high, the value of H˜ in the material must be small to
respect Ampere’s equality, whereas if the permeability of the material is lower, the
mismatch between the permeabilities of air and the medium is lower and H˜ in the
metal is higher. For the case of an infinite, straight current-carrying wire above a
ferromagnetic semi-space the exact expression can be found in the literature [73].
The overall effect of these phenomena is that a variation of the bias field H¯2 affects
the dynamic field H˜1, even if we provide the same driving current: H˜1 = H˜1
(
H¯2
)
.
The variation of the magnetic permeability has a further consequence on the experi-
ment: it affects the magnetostrictive force distribution over the depth of the sample.
The penetration of the electromagnetic field in a metal is governed by an exponen-
tial decay, whose rate is determined by the skin depth parameter: δ ∝ 1/√µr, [12].
The overall dependence of the dynamic magnetic field H˜1 on the static field H¯2 can
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Figure 5.10: Relative directions of the static (H¯) and dynamic (H˜) magnetic fields. (a)
When they are parallel to each other, the total field H = H¯ + H˜ varies only in magnitude
H, thus the relevant permeability is µ′r =
1
µ0
∂B
∂H . (b) When H¯ and H˜ are perpendicular,
there is only a rotation θ ∼= H˜/H¯ of the total field (in the first order approximation), thus
µr =
B
µ0H
. The amplitude of H˜ compared to H¯ is magnified in the figure for clarity.
then be written as:
H˜1(H¯2, x3) = H˜1(H¯2, 0) e
−x3/δ(H¯2). (5.3)
As a result, for high bias fields the permeability is low and the dynamic field pene-
trates deeper into the sample. This implies that the resulting magnetostrictive force
is spread over the thickness and causes a larger amplitude SH0 wave. On the other
hand, for low bias fields, the magnetic permeability is higher and the dynamic field
is squeezed in a tiny portion of the thickness, generating lower amplitudes. The
situation is illustrated in Figure 5.9 (b).
The conclusion is that considering Equation (4.8), both factors, d61 and H˜1, are
functions of the static bias field, thus the EMAT field-dependent efficiency is not
a function of the magnetostriction constant d61 alone: ˜6 ∝ d61
(
H¯2
) · H˜1 (H¯2). It
should be noted that the magnetostriction and permeability counterbalance each
other in transduction process: when d61 is large (i.e. for small H¯2), the high perme-
ability tends to reduce the signal amplitude (because the dynamic field is squeezed
over a small area), while for high bias fields a small permeability has the effect of
partly compensating for the reduced value of the magnetostrictive constant.
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Linearity with the driving current
Another important check for the applicability of the model is that the assumed
linearity with the dynamic magnetic field (Equation (3.23)) is indeed observed in
experimental tests. Keeping a constant magnetic bias field, H¯2 = 15 kA/m and
a fixed excitation frequency, f = 100 kHz, the amplitude of the driving current
was varied from about 1.3 A to 3.8 A peak to peak. This range corresponds to a
maximum dynamic field amplitude between 0.3 kA/m and 1.9 kA/m. The resulting
measured particle velocity amplitude is shown in Figure 5.11, as a function of the
driving current. The linear trend is evident, confirming that Equation (3.23) can be
successfully applied over a range of different driving currents. In the case studied,
the hypothesis H¯  H˜ was always satisfied, since even with the maximum driving
current H¯/H˜ ∼= 8, where the dynamic field is a maximum, i.e. at the surface of
the metal, just below the wire. The numerical model is linear in H˜, according to
Equation (3.23), thus the FE simulations show a linear dependence of the particle
velocity with the dynamic field and the driving current.
5.6.2 Quantitative validation
The qualitative validation undertaken in the previous section demonstrates that the
physics of the transduction mechanism is properly portrayed by the model, however
it is paramount to assess the performance of the model in an absolute, quantitative
manner. The experiment described in the previous section was repeated with the
magnetic bias field kept constant at H¯2 = 15 kA/m, while the frequency was varied
between 90 kHz and 300 kHz in 10 kHz steps. The velocity signal was again detected
by the laser vibrometer v2 (t) while the driving current I (t) through the wire was
recorded using a current transformer (Bergoz CT-B1.0), typical signals are shown in
Figure 5.12. Both the driving and received toneburst were gated and a Fast Fourier
Transform was applied. The spectrum of the measured velocity was divided by the
spectrum of the driving current to give the particle velocity per unit current at each
frequency. This was a necessary step since the Finite Element simulations were
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Figure 5.11: Qualitative validation: particle velocity as a function of the amplitude of
the driving current for H¯2 = 15 kA/m and f = 100 kHz. Experimental data (dots) and the
result of a FE simulation (continuous line) are shown. The uncertainty of the experimental
points is ±3µm/s.
performed in the frequency domain, i.e. a single frequency, harmonic solution was
computed. The actual physical properties of the nickel plate were used in the FE
model: magnetostriction constants were computed from the measured magnetostric-
tion curve, according to Equations (3.25)-(3.26), while magnetic permeability was
obtained from an experiment performed by Chen et al. [76] on a pure nickel sample.
The comparison between the predicted and measured velocities is satisfactory as
the error is within 20 % over a significant frequency range, from 90 kHz to 300 kHz
(Figure 5.13).
5.7 Mutual coupling
Another significant result that can be obtained with the model is the assessment of
the mutual coupling effect, since no study had previously addressed its contribution.
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87
5. Validation of the model
The mutual coupling effect can be explained as follows: the dynamic magnetic field
superimposed on a strong bias field causes dynamic strains (first equation of (4.8));
in turn, the elastic stress resulting from this strain affects the dynamic magnetic field
that has generated it (second equation of (4.8)), establishing an inverse effect, in a
similar fashion to the back electromotive force effect. By comparing the simulations
in which the term (d61 σ˜6) of the second row of Equation (4.8) was non-zero against
those in which it was arbitrarily set to zero, it was possible to establish that there is
indeed an effect, however it results in a variation of only around 1% of the generated
displacement. In conclusion, the mutual coupling effect is negligible from a practical
point of view, at least for the transducer under study in the operational conditions
considered.
5.8 Discussion
5.8.1 Qualitative validation discussion
The qualitative validation process has highlighted that the optimization of a mag-
netostrictive transducer cannot rely on the simple study of the magnetostriction
coefficients. In the case analyzed in this study, consideration of the magnetostric-
tive coefficient alone would indicate that optimal transduction is obtained with a
small static field (Figure 5.8). On the contrary, the analysis undertaken and the
experiment have shown that the optimal operation point of this EMAT, in the con-
ditions addressed, occurs for specific values of the bias field, at the maxima of the
FE trends of Figure 5.8, according to the driving frequency employed.
These features underline the significant difference between the Lorentz force and
the magnetostriction mechanisms. The Lorentz force is simply a linear function of
the bias field: the higher the magnetic field the larger the obtained signal; also, in
the limit δ/λ << 1 [6], the conductivity does not affect the transduction efficiency.
On the other hand, magnetostriction is not a linear function of the static field
(Figure 5.8) and its amplitude depends on the electromagnetic skin depth. When
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different bias fields H¯2 are used, the magnetic permeability changes; however, not
only does the distribution of the dynamic magnetic field in the material change, but
also its total value given by the integral over depth is different (Figure 5.9 (b)). Since
the generated wave amplitude is proportional to the dynamic field (in Equation (4.8)
we have ˜6 ∝ H˜1), this effect implies that the sensitivity of the sensor strongly
depends on the phenomena taking place in the skin depth.
5.8.2 Quantitative validation discussion
The absolute validation of the model was successful (Figure 5.13), however a degree
of discrepancy between the predicted values and the experimental data is present and
has to be investigated. There are several sources of different nature that contribute
to this discrepancy.
Uncertainty in the numerical model
Uncertainties in the numerical simulations are due to computational limitations: as
mentioned, the model is extremely demanding, the maximum number of elements
is limited by the total available memory of the computer. As a result, a trade-
off is needed between the number of elements employed and the resolution of the
skin depth and the wavelength in the magnetostrictive area in the elastic region
respectively. As mentioned in Section 4.4, three elements through skin depth and
around 15 elements per wavelength were used. This leads to a small but non-
negligible uncertainty in the numerical results.
Uncertainty related to the ferromagnetic modelling
Other significant uncertainties are due to the physical variability of the magnetic
properties of ferromagnetic materials. It is well-known from eddy-current inspection
that flawless, apparently homogeneous ferromagnetic media show significant signal
variability when spatial scans are performed [77]. This is attributed to spatial vari-
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ations of the magnetic permeability caused by different surface conditions, residual
stresses, magnetization history and aging effects [77]. Similar variabilities and de-
pendencies affect magnetostriction, as highlighted in Figure 5.6. The conclusion is
that the validity of the physical model of a perfectly homogeneous ferromagnetic
medium is debatable. For instance, the existence of a ferromagnetic “dead layer”
has been proposed [77,78], i.e. a thin (10−100µm) surface layer whose permeability
is significantly lower than the bulk of the material. The use of this physical model in
the FE simulations might have improved the final outcome of the validation, how-
ever the correctness of this assumption is still uncertain and is beyond the scope
of our investigation, thus the homogeneous ferromagnetic medium model has been
employed.
Frequency dependence of magnetic properties
A further problem related to the magnetic properties is their frequency dependence.
The values of the permeability µr and the magnetostrictive coefficients dij were ob-
tained in static conditions. Using these dc values at frequencies in the order of a
few hundreds of kHz assumes that they do not vary with frequency. Experimental
investigations with different techniques like inductance measurements [79, 80] and
potential drop measurements [81], have shown that the relative permeabilities of
pure ferromagnetic metals like iron and nickel exhibit a significant frequency depen-
dence. In the case of nickel, from reference [79] it can be estimated that the value of
µr at 300 kHz decreases by up to 20 % compared to the value at 100 kHz. There are
currently no studies on the frequency dependence of magnetostrictive properties,
however, since both magnetic permeability and magnetostriction are macroscopic
quantities accounting for the overall effect (elastic or magnetic) of the same micro-
scopic phenomena, i.e. domain motions, similar effects observed on the magnetic
permeability can affect magnetostrictive parameters. It can be hypothesized that, at
sufficiently high frequencies, the domain motion lags behind the magnetic field [81],
resulting in a reduced magnetostrictive parameter value. A consequence of the fre-
quency variations of µr and dij could be the non-linear trend of the experimental
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plot of Figure 5.13.
All these issues show that most uncertainties are due to deficiencies in the under-
standing of ferromagnetic media and the frequency dependence of magnetic proper-
ties, both being physical problems rather then problems of the model under inves-
tigation. Given all these difficulties, and the fact that an absolute validation of a
magnetostrictive model had never been reported before, we can conclude that the
absolute validation gives an encouraging result.
5.9 Conclusions
The FE model presented in Chapter 4 and based on the theory outlined in Chap-
ter 3 allows the simulation of complex 3D configurations; as an example the wave
generation of a SH wave magnetostrictive transducer, operating on a nickel plate,
has been successfully predicted.
The model has been qualitatively validated by experiments addressing the static
magnetic field and the driving current dependence of the transduction. The valida-
tion has highlighted that the sensitivity is not only a function of the magnetostrictive
coupling constants: the magnetic permeability has a fundamental effect too, since it
affects both the penetration depth in the sample of the dynamic magnetic field and
its amplitude. It has also been verified experimentally that the generation sensitiv-
ity is linearly proportional to the dynamic field and thus to the driving current, at
least when the bias field is significantly larger than the dynamic field.
The predictions of the model have been quantitatively compared with experimental
data. This absolute validation was successful with a discrepancy smaller than 20 %
over a 200 kHz frequency range. The error is largely due to the physical uncertainties
in the magnetic properties and to their frequency dependence.
The following chapters will show how the model can be exploited for the assessment
of very different EMAT configurations for SH wave inspection (Chapter 6) and the
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study of bulk wave EMATs operating on steel components (Chapter 7).
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Chapter 6
Assessment of SH wave EMAT
performance
6.1 Introduction
In this chapter the experimentally validated FE model is used to assess the perfor-
mance of the main EMAT configurations for SH waves when used on steel plates.
After a description of the most important types of shear horizontal wave EMATs,
simulations and experimental tests are employed to compare the performance of
their basic units. The FE model is also used to evaluate how key design parameters
influence the sensitivity of the different kinds of probes. The quantitative results of
this analysis, together with the practical issues associated with each configuration,
allow the relative advantages and disadvantages of the transducers to be assessed.
6.2 EMATs and guided wave inspection
One of the most attractive features of EMATs is their capability of generating a wide
range of ultrasonic wave-modes, by careful design of their geometric configuration [6,
7], including shear horizontal (SH) waves in plate-like structures or torsional waves
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in pipe-like components.
The fundamental shear horizontal (SH0) and torsional (T(0,1)) waves are of prac-
tical importance in guided wave inspection due to their non-dispersive character,
i.e. their group and phase velocities are not frequency-dependent, simplifying the
interpretation of signals. Furthermore, these wave-modes do not show any out of
plane particle displacement, thus they are not affected by the presence of (non vis-
cous) liquids in contact with the wave-guide [82].
Shear horizontal and torsional waves are closely related: essentially a SH wave in
a plate structure is the equivalent to a torsional wave in a tubular structure [83].
Therefore, although this chapter investigates the performance of different EMAT
configurations for SH waves on plates, the analysis can readily be extended to
EMATs producing torsional waves in pipes.
EMATs generate and detect ultrasonic waves chiefly via the Lorentz force and mag-
netostriction. While in some cases these two mechanisms are additive, for example
in the generation of bulk shear waves (as we will see in Chapter 7), when SH waves
are to be produced, very different configurations have to be devised depending on
the transduction effect that one wants to exploit. This results in two main families
of transducers: Periodic Permanent Magnet (PPM) EMATs, which are based on
the Lorentz force [5, 25], and magnetostrictive EMATs, based on magnetostrictive
effects occurring in the sample itself or in a strip of highly magnetostrictive material
bonded on the testpiece [17, 26, 28, 47]. Both solutions are employed in practical
applications, and have distinct advantages and disadvantages.
6.3 EMAT configurations for SH waves
Let us consider a reference system {x1, x2, x3} and a plate lying in the x1−x2 plane.
In order to generate horizontally polarized shear waves, i.e. with particle motion
along the x2 direction, with wavelength λ and propagating in the direction x1,
different EMAT configurations can be used. Figure 2.4 shows the reference system
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that will be used throughout this analysis, together with the schematic diagram of
two SH wave EMAT configurations. The main options available are described in the
following sections.
6.3.1 Periodic Permanent Magnet (PPM) EMAT
Taking advantage of the Lorentz force, SH waves can be generated by using a periodic
arrangement of permanent magnets, producing a bias magnetic flux density B¯3 with
period (along direction x1) equal to the acoustic wavelength λ (Figure 2.4 (a)). A
straight wire, placed between the magnets and the plate, carries a current I and
induces eddy current density Je1 in the plate. According to Equation (3.8), this
produces a pattern of alternating body forces in the x2 direction f2 = −Je1 · B¯3,
launching SH waves (Figure 6.1 (a)). This basic structure can be enhanced by
winding the wire several times around the magnets, thus linearly increasing the total
current density: J tote = nturns · Je1. Improvements to this design can employ a linear
racetrack coil and two lines of periodic magnets next to each other, to maximize
the total current density in the plate; other designs use appropriate phase shifts in
different PPM elements to achieve substantially unidirectional waves [6, 22,25].
6.3.2 Magnetostrictive EMATs
An alternative way to produce SH waves exploits magnetostriction, as described
in Section 4.4. A static magnetic field H¯2 is applied along the x2 direction. A
straight current-carrying wire, is placed along the direction of the magnetic bias
field, producing a dynamic magnetic field H˜1 along the x1 direction (Figure 6.1 (b)).
The static and dynamic magnetic fields are perpendicular to each other; the tilting
of the total magnetic field H during operation causes shear strains ˜6 in the plane of
the plate, {x1, x2} that result in SH waves propagating along the x1 direction [26].
The magnetostriction constitutive equations for this configuration have been given
in Chapter 5 (Equations (4.6)-(4.7)) and they practically reduce to the system of
Equation (4.8).
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Figure 6.1: Schematic diagram of the elemental components of (a) PPM and (b) mag-
netostrictive and EMATs. Top view (x1-x2 plane) in a reference system consistent with
that defined in Figure 2.4. The same magnets (indicated in light grey), wires and lift-off
are used in both the configurations. The wires are driven by the current I. In (a) the
thick arrows represent the Lorentz force, f , in (b) the magnetostriction shear strain of an
elemental area below the wire is shown (dashed parallelogram). The steel plate is shown in
dark grey.
In actual tests, rather than using a single straight wire, a meander coil with spac-
ing λ/2 can be used, in order to exploit constructive interference phenomena (Fig-
ure 2.4 (b)). Also, the wire can be wound several times to increase the total dynamic
field available. This EMAT set-up can operate only on ferromagnetic materials, and
its performance depends strongly on the magnetostrictive properties of the sample.
A possible solution to this problem is to attach a highly magnetostrictive material,
like nickel or an iron-cobalt alloy, onto the sample [47,84]; this can be done by adhe-
sive bonding or, in some cases, via shear couplant. In this way, high signal-to-noise
ratios can be obtained at the cost of increasing the complexity of the transducer and
losing its non-contact nature. This solution can be employed in structural health
monitoring [85].
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A large number of variants to the EMAT configurations described above have been
reported [25,27,47,84,86]. Our study will focus only on three configurations: PPM
EMAT, magnetostrictive EMAT and magnetostrictive EMAT with bonded nickel
strip. In order to obtain a fair comparison between the transducers, the very basic,
ideal, configurations shown in Figure 6.1 are to be examined. Transducers used in
practice such as those shown in Figure 2.4 are a sum of these basic units; by analyzing
the performance of the essential components we can assess the effectiveness of the
transduction process. For both PPM and magnetostrictive EMATs, the real multi-
turn coil is reduced to a single straight wire element, fed by the same driving current
and placed at the same lift-off distance from the plate. The bias magnetic field in
all the cases is provided by two permanent magnets; exactly the same hardware and
driving inputs are used in all the experiments and the same physical parameters are
used in all the numerical simulations. The following sections describe the simulations
and the experiments used to assess the performance of the probes.
6.4 FE simulations and experimental study
6.4.1 Numerical model
The single wire configurations of Figure 6.1 yield very low signal amplitudes in ex-
perimental tests on plate thicknesses of practical interest. In order to compare the
FE results with the measurements, the test object for all the simulated transducers
is a 0.5 mm thick steel plate. Since for excitation within a very shallow subsur-
face layer the wave amplitude of shear horizontal modes is inversely proportional to
plate thickness, the small thickness chosen yields relatively high signal amplitudes
in experimental tests. The measured signals can then be used to validate the model
simulating the conditions analogous to the experiment, i.e. the model and the actual
test employ the same plate thickness as well as the same dimensions and relative
position for the magnets and the wire. The plate has the material properties of mild
steel, listed in Table 6.1. Since the magnetic permeability and the magnetostric-
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Table 6.1: Summary of the material properties used in the FE model.
Material Young’s modulus Poisson’s ratio Mass density Electrical conductivity
[GPa] [kg/m3] [MS/m]
Steel 200 0.33 7850 4.0
Nickel 200 0.29 8900 14.3
Epoxy 1.6 0.34 1170 0
tion constants are functions of the magnetic bias field, they are given by graphs.
The magnetostriction constant d61 was obtained by applying Equation (3.26) to the
magnetostriction curve of a mild steel given in the literature [11], shown in Fig-
ure 3.1. The magnetic permeability curve of mild steel is shown in Figure 6.2. For
comparison, the permeability curve of nickel is also shown.
In order to simulate an infinite plate, an elastic disk surrounded by an annular
absorbing region with non-zero damping coefficient was modelled. A 1 A driving
current oscillating at 150 kHz was fed to the wire, lying above the disk, 0.1 mm
away from it. The chosen frequency-thickness product is well below the first cut-off
frequency of higher order SH modes, so only the fundamental mode (SH0) is gener-
ated. Moreover, the driving frequency is representative of experimental conditions
found in practice: frequencies in the range 10-250 kHz are often used [46,82,87], de-
pending on the thickness of the testpiece and other experimental considerations. To
further reduce the number of elements, mechanical and electromagnetic symmetries
are exploited as discussed in Section 4.4.
6.4.2 Experimental validation
All the numerical results obtained with the FE model have been supported by ex-
perimental data. PPM and magnetostrictive EMATs were used on a 0.5 mm thick
mild steel plate. For the PPM EMAT, the bias magnetic field was provided by two
20× 10× 5 mm NdFeB permanent magnets (Eclipse Magnetics). The magnets were
placed with opposite polarization (Figure 6.1 (a)), in order to mimic a unit compo-
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Figure 6.2: Permeability curves of nickel and mild steel. Data from [11] (steel) and [76]
(nickel).
nent of a PPM EMAT, with spatial period 20 mm. The driving frequency chosen
was 150 kHz, such that only the fundamental shear horizontal mode was generated,
moreover the acoustic wavelength at this frequency is approximately 20.6 mm, close
to the periodicity of the magnets, such that wave generation is maximized due to in-
terference phenomena. The magnitude of the magnetic flux density in air, normal to
the surface of the sample, B¯air3 was measured with a Hall effect gaussmeter (GM04,
Hirst Magnetics). The magnetic flux density within the plate, near its surface, was
assumed to be equal to the value measured in air since the boundary conditions for
B prescribe the continuity of its normal component: in our case B¯sample3
∼= B¯air3 .
For the magnetostrictive EMATs, the same permanent magnets used for the PPM
EMAT were arranged in the configuration depicted in Figure 6.1 (b). Two magne-
tostrictive EMATs were tested: in one case the transducer was placed directly on
the steel plate, while in the second type of EMAT a 100×25 mm, 0.5 mm thick nickel
plate was bonded on the steel plate with epoxy. In practical applications, materi-
als showing higher magnetostriction than nickel, such as iron-cobalt alloys [85], are
commonly used to improve the signal amplitude. Here nickel was chosen as its static
magnetostriction curve had already been measured for the quantitative validation
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of the FE model (Section 5.5).
A structural adhesive film (3M AF163-2) was cured at 120 ◦C for 90 minutes while
subject to a 0.15 MPa pressure. During the process the viscosity of this kind of film
increases, reducing the adhesive flow-out [88]; this yielded a fairly uniform bondline,
approximately 200µm thick. The magnetic field within the sample, parallel to the
surface of it, was estimated with the method outlined in Section 5.5.
The in-plane particle velocity produced by each transducer at a distance of 65 mm
from it was detected by a laser Doppler vibrometer. The same experimental method
used for the validation of the model (Section 5.6) was used. Two Polytec OFV 505
heads (OFV 5000 controllers) were oriented at ±30◦ from the normal of the plate.
Since laser vibrometers detect the velocity along the optical path of the laser beam,
a simple trigonometric formula [89], accounting for the incident angle, has to be
used to obtain the in-plane (or the out-of-plane) particle velocity (Figure 5.7). The
current transformer measured the driving signal, a 4 A peak to peak, five-cycle
toneburst, with centre frequency f = 150 kHz and both the driving and received
signals were gated and fast Fourier transformed. The ratio between the velocity and
driving current spectra at the centre frequency yielded the experimental particle
velocity per unit current and was then compared with the single frequency numerical
simulations.
6.5 Analysis of performance of different configu-
rations
The overall results of the experimental and numerical investigations are summarized
in Figure 6.3. The measured and simulated particle velocities per unit input current
on a steel plate are plotted against the magnetic bias field H¯. The continuous plots
show the FE results for the three EMAT configurations analyzed, while the points
represent the experimental measurement obtained for the corresponding transducer,
all obtained using the same hardware, i.e. permanent magnets, wire and input
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Figure 6.3: Simulated and experimental performance of different EMAT configurations
as a function of the magnetic bias field H¯ on a 0.5 mm thick steel plate. The continu-
ous plots represent the predicted FE amplitudes, while the points show the corresponding
measured values using the same set of hardware (magnets, driving current, lift-off), with
experimental error bars. The FE predictions for a magnetostrictive EMAT operating on a
0.5 mm thick nickel plate are also shown for comparison (dashed line).
signal. The performance of a magnetostrictive EMAT operating on a 0.5 mm thick
nickel plate is also reported for comparison (dashed line); this FE prediction was
validated in Chapter 5. While we can easily sweep through a large range of values
of the static bias field H¯ with FE simulations, in experimental conditions, if a fixed
arrangement of permanent magnets is employed, we have only one operation point H¯
for each transducer. In practice, other operation points can be obtained by changing
the magnetic circuit of the transducer, for example altering the distance between
the magnets of Figure 6.1 (b), or by using electromagnets driven by adjustable
current [33]. Here we are interested in the performance obtained using a given set
of hardware in a given geometric configuration, therefore only one experimental
point is obtained for each configuration. Figure 6.3 shows that the magnetostrictive
EMATs operate at different bias fields even if the same permanent magnets are
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used; this is a consequence of the different magnetic permeabilities of steel and of
the bonded nickel plate. Since µnir is significantly lower than µ
steel
r (Figure 6.2),
the resulting bias field in nickel is higher than in steel. The experimental operation
points H¯ of the magnetostrictive EMATs were determined using the method outlined
in Section 5.5. With the PPM EMAT, the magnetic flux density in the sample in the
direction normal to the plate can be measured, B¯3 = 550 mT, but the corresponding
value of magnetic field strength H¯3 can be deduced only knowing the magnetization
curve of the sample. In this study the B-H curve of steel was not measured, and
H¯3 was estimated by inputting to a magnetic FE model a non-linear experimental
constitutive equation taken from the literature [11]. Since the operation point lies
after the “knee” of the magnetization curve, i.e. where the curve is relatively flat, a
small uncertainty in the measurement of B¯3 corresponds to a wide range of values
of H¯3, leading to the uncertainty bar on the abscissa of the PPM EMAT point in
Figure 6.3.
The experimental error bars in the amplitudes are defined as the standard devia-
tion over five repetitions of the measurement, each time trace being averaged 500
times. For the PPM EMAT and the magnetostrictive EMAT this uncertainty is
only ±1µm/s while it is larger for the bonded nickel magnetostrictive EMAT, due
to reverberations in the magnetostrictive layer, as will be discussed in Section 6.5.3.
Overall, the maximum SH amplitude is obtained on the nickel plate with a mag-
netostrictive transducer. On the steel plate, the best performance in terms of am-
plitude is achieved by the bonded nickel magnetostrictive EMAT, followed by the
PPM EMAT; the lowest wave amplitude is obtained by the magnetostrictive EMAT
directly placed on the steel plate.
The magnetostrictive SH wave EMAT applied on the steel plate can be used to
provide a further validation of the magnetostrictive FE model presented in Chap-
ter 4. The experiment performed on a nickel plate in Section 5.6 can be repeated
on the steel plate, i.e. the absolute wave amplitude can be measured with the laser
vibrometers as a function of the magnetic bias field applied by means of electromag-
nets. In Figure 6.4 (a), the experimental results are compared (in a linear scale) to
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the FE simulations presented in Figure 6.3. First of all, the model is again able to
predict the correct order of magnitude of particle velocity without the need for any
adjustable parameters. Since this EMAT configuration relies on the magnetostric-
tive parameter d61 to generate SH waves (Section 4.4), the field dependence of signal
amplitude is expected to follow a trend similar to the one shown in Figure 3.3 (b),
with a minimum occurring when the magnetostriction curve of the material crosses
the abscissa axis, together with a pi phase shift due to the change of sign of the
static magnetostriction curve. The experiments performed show such features for
H¯ ∼= 10 kA/m, where the signal amplitude shows a minimum and the phase (Fig-
ure 6.4 (b)) is subject to an almost pi shift. The disagreement in the position of
the minimum between the FE simulations and the experimental data is due to the
fact that, differently from the validation performed in Chapter 5, the magnetostric-
tion curve of the steel plate under examination was not measured, and a curve for
a mild steel taken from the literature was used to compute the magnetostriction
constants [11].
Given this purely numerical evaluation for the basic unit of each transducer, it is
important to assess how this relates to practical EMATs and how the performance is
affected by relevant parameters such as the thickness of the plate, its electromagnetic
properties or the properties of the bond when present. Since comparison between the
FE predicted amplitudes and the experimental data shows satisfactory agreement,
the assessment of the different configurations has been carried out with the validated
numerical model.
6.5.1 PPM EMAT
This Lorentz force EMAT behaves linearly with the induced current density and the
bias magnetic flux density according to Equation (3.8). Given a driving current I,
the total induced current is independent of the thickness of the plate tsteel, provided
it is much thicker than the electromagnetic skin depth, i.e. tsteel > 3δ. The other
term appearing in Equation (3.8), the magnetic flux density, is also slightly affected
by the thickness of the plate. Figure 6.5 shows a simulation of the static flux density
103
6. Assessment of SH wave EMAT performance
8
10
p e
r  
FE - MS EMAT on steel
(a)
6l o
c i
t y
 p
u r
r e
n t
 
s )
/ A
] Experimental
2
4
c l
e  
 V
e l
n p
u t
 C
u
[ (
µ m
/ s
0
0 10 20 30 40 50
P a
r t i
c I n [
Static Magnetic Field, H [kA/m]
(b)
-45
0
] Experimental
-90
e  
[ d
e g
]
Fitting
-180
-135
P h
a s
0 10 20 30 40 50
Static Magnetic Field, H [kA/m]
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SH wave EMAT. Predicted (solid line) and measured (points) amplitude of particle velocity
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B¯3 versus plate thickness. The magnitude on the surface of the sample, just below
the centre of the magnet is shown. The variations are small, and for tsteel > 5 mm,
B¯3 is virtually constant. This implies that the electromagnetic phenomena are
decoupled from the thickness of the plate. This is confirmed by simulations showing
that the generated wave amplitude is inversely proportional to the thickness of the
plate as would be the case with piezoelectric transducers (Figure 6.6). It will also
be shown in Chapter 7 that Lorentz force EMATs are not significantly affected by
the electromagnetic properties of different steels, such as the electric conductivity
and the magnetic permeability, at least when δ/λ << 1 [6]. The substantial
insensitivity of this type of transducer to geometric or material properties of the
testpiece makes it very versatile and robust to external conditions. On the other
hand, it is also difficult to improve the signal amplitude given a limiting driving
current and number of turns in the coil. For example, the bias magnetic flux density
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component of B perpendicular to the plate is shown.
produced by a single NdFeB permanent magnet is unlikely to exceed ≈ 1.3 T unless
using special configurations [90], since this is the magnetic remanence of the material
and even using electromagnets there is the upper limit of the magnetic saturation
of steel around 2.2 T [12].
6.5.2 Magnetostrictive EMAT
Figure 6.3 shows that a magnetostrictive EMAT placed directly on the steel plate
has a poor performance compared to the other configurations. The wave amplitude
generated is four times smaller than that with a PPM EMAT and is more than an
order of magnitude lower than that produced by a nickel bonded magnetostrictive
EMAT. It should also be noted that these figures refer to the generation process only;
in a pulse-echo test they would be squared. Ogi and co-workers [27] have proposed
an enhanced configuration in which the magnetic bias field and the current-carrying
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wire are inclined of an angle of around θ = 45◦. In this way, not only is the wave
amplitude proportional to the magnetostrictive coefficient d61 (Equation (4.8)), but
also to the coefficient d22, leading to a signal amplitude 2.5 times larger than in
the original configuration with θ = 0◦. However, even with this improvement, a
significant disadvantage of this EMAT is its non-linear behaviour with the magnetic
bias field H¯. This is due to the highly non-linear and non-monotonic behaviour
of the magnetostriction curve of steel (Figure 3.1); this causes large variations in
the magnetostrictive coefficient d61
(
H¯
)
and consequently in the resulting signal
amplitude. In contrast to PPM EMATs, the magnetic bias field parallel to the
surface of the sample H¯2 is severely affected by the thickness of the plate, as shown
in the FE results of Figure 6.7, where the magnitude of H¯2 at the surface of the
steel plate, half way between the two magnets (Figure 6.1 (b)), is plotted.
This means that the same transducer used on two different components made of
the same material but with different thickness work at different operation points
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on the curve of Figure 6.3, giving dramatically different signal amplitudes. Also,
different steel grades show different trends of the magnetostriction curve, for ex-
ample the position of the zero in the curve (Figure 3.1) differs from material to
material [11,91], and it has also been shown in Chapter 5 that the magnetic perme-
ability profoundly alters the performance of the transducer. Magnetic permeability
affects the amplitude of the dynamic magnetic field H˜1 [73] and its penetration depth
(Equation (5.3)), thus significantly altering the resulting wave amplitude, since the
wave amplitude is proportional to H˜1 according to Equation (4.8). This EMAT
configuration performs badly on steel both in terms of signal amplitude and robust-
ness, but when employed on a pure nickel plate (dashed line of Figure 6.3) the wave
amplitude is considerably higher and relatively independent of the operation point.
This is readily explained by the fact that nickel shows a higher magnetostriction
(Figure 3.1) and lower permeability than steel (Figure 6.2), resulting in a signal
amplitude more than an order of magnitude larger than that obtained in a mild
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steel plate of the same thickness. The reduced dependency on the static bias field
is a consequence of the fact that the magnetostriction curve of nickel is monotonic
and does not show any zeros for H¯ > 0.
6.5.3 Magnetostrictive EMAT: bonded nickel strip
The favourable performance of magnetostrictive EMATs on nickel compared to steel
suggests a modified configuration where a sheet of highly magnetostrictive material
is bonded on the sample to be tested. Among the many possible solutions, here we
consider a 0.5 mm thick nickel plate bonded to the steel plate, via a 200µm thick
epoxy layer. A schematic diagram is given in Figure 6.8, showing the top view (a)
and the cross-section (b). In Figure 6.3 it is shown that this EMAT configuration
achieves the best signal amplitude per unit driving current, and that the dependence
on the bias magnetic field H¯ is relatively small. It is important to evaluate the effects
of the geometric and material properties of the bonded nickel plate on the overall
performance of the transducer. The influence of the thickness and shear modulus of
the adhesive layer, tepoxy and Gepoxy, together with the thickness and width of the
magnetostrictive layer, tni and Wni, are to be assessed. The epoxy layer causes a
discontinuity in the static magnetic circuit that decreases the magnetic field H¯ that
would be achieved with a continuous magnetic path. Simulations showed that this
difference is relatively small: the percentage difference between the magnetic field
with no gap and that with a 200µm gap of epoxy is less than 20% for H¯ > 20 kA/m
(Figure 6.9). In this range, the sensitivity curve of this EMAT is relatively flat (Fig-
ure 6.3) so this effect only causes a small variation of the operation point resulting
in only a small change in the generated amplitude. The dynamic magnetic field H˜,
is not affected by the thickness of the magnetostrictive layer as long as it is signifi-
cantly larger than the magnetic skin depth, i.e. tni > 3δ. Since the electromagnetic
fields (static and dynamic) are not severely affected by the thickness of the adhe-
sive and magnetostrictive layers, they can be considered to be practically decoupled
from the parameters under investigation. For this reason, the magnetic fields were
computed only once and then used as input to the mechanical model with different
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Figure 6.8: Top view (x1-x2 plane) (a) and cross-section (x1-x3 plane) (b) of a magne-
tostrictive EMAT employing a bonded layer of nickel (light grey) to generate SH waves in
a steel plate (dark grey). The current-carrying wire and the epoxy layer are also shown.
In (a) a couple of distributed displacements, producing an ultrasonic field equivalent to
that due to magnetostriction is displayed. In (b) the driving current produces a dynamic
magnetic field along the x1 direction exponentially decaying along the thickness of the
magnetostrictive layer. Not to scale.
values of the parameters under investigation. This simplification greatly reduces
the computation time of the parametric study, avoiding the use of the demanding
full magnetostrictive model at the cost of a slightly lower accuracy in the results.
In contrast to the Lorentz force, whose mechanical effects are actually body forces
on the sample, magnetostriction causes shear strains that have to be modelled as
a dipole of displacements. Two equal and opposite displacements, separated by a
distance of 4 millimeters, were prescribed along lines parallel to the wire on the
mechanical model to reproduce the elastic field produced by a full magnetostrictive
model (Figure 6.8 (a)). The wavelength at 150 kHz is λ ∼= 20 mm, significantly
larger than the dipole separation, so the resulting elastic field far from the trans-
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Figure 6.9: Percentage difference between the bias magnetic field with no gap between the
nickel strip and the steel plate (tepoxy = 0) and the one with a 200µm gap of epoxy. The
bias field is computed on the surface of the nickel plate, half way between the two magnets.
ducer is not affected by the dipole separation. The elastic properties for nickel and
epoxy used in the model are summarized in Table 6.1. The magnetic permeability
and magnetostriction curves of nickel are those used for the validation of the model
presented in Chapter 5.
The adhesive layer acts as a spring placed between the nickel layer, where the trans-
duction occurs, and the steel plate. FE simulations were performed on a 1 mm
thick steel plate with a bonded 0.5 mm nickel plate, for different epoxy thick-
nesses and shear moduli, with the dipole-source model. Results (Figure 6.10)
show that the wave amplitude is not altered for constant compliance of the bond
Sbond ∝ (tepoxy/Gepoxy).
Moreover, given a certain shear modulus of the adhesive, the wave amplitude de-
creases with the thickness of the epoxy layer, tepoxy, the reduction between the ideal
case of a rigid bond with zero thickness and a 200µm thick bond being about 30%.
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Figure 6.10: Bonded nickel magnetostrictive EMAT: effect of the thickness and shear
modulus of the epoxy layer on wave amplitude. Results from FE simulations on a 1 mm
thick steel plate.
The thickness of the magnetostrictive layer, tni, also influences the performance of
the transducer. FE simulations (Figure 6.11) with the full magnetostrictive model
on a 5 mm thick steel plate show that wave amplitude decreases with the thickness
of the nickel layer, as long as the condition tni > 3δ is satisfied. This is due to the
fact that the transduction occurs in a few skin depths; adding more material simply
increases the overall thickness of the system, so reducing wave amplitude. On the
other hand, if the magnetostrictive layer is too thin, for example less than a skin
depth, the dynamic magnetic field H˜1 spreads in the steel plate which is much less
magnetostrictive, and lower signal amplitudes are obtained. Therefore, the layer of
magnetostrictive material should be thick enough to contain a few skin depths δ,
but not significantly thicker than this.
The width (in the direction of propagation x1) of the nickel strip, Wni also affects
the wave amplitude produced by this probe. The acoustic impedance of the free
plate is different from the impedance in the area where the nickel strip is bonded on
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Figure 6.11: Bonded nickel magnetostrictive EMAT: effect of the thickness of the nickel
layer on the wave amplitude. FE simulation on a 5 mm thick steel plate, 200µm epoxy
bond.
the plate. At the ends of the magnetostrictive layer, the impedance mismatch re-
sults in reverberations that produce interference phenomena. The system undergoes
constructive interference when Wni = n
λ
2
, where n is a positive integer number. Fig-
ure 6.12 shows FE simulations of this effect performed with the dipole-source elastic
model. Resonances are observed only when n is odd, while minima are observed for
even n. This is due to the fact that a dipole-like source cannot excite modes having
a nodal line in the middle of the nickel layer, which correspond to even n. This
resonant behaviour is really significant only when the thicknesses of nickel and steel
are comparable, as in the experiment of Figure 6.3, where tsteel = tni = 0.5 mm.
In this case, the wave amplitude can vary by ±50% about the mean, depending on
the ratio Wni/λ. In practical applications, where the magnetostrictive layer is much
thinner then the test object, the impedance mismatch is small and these interference
phenomena are not significant. Figure 6.12 shows that while for tsteel = tni there
are large oscillations, for tsteel = 6 tni only small oscillations can be observed, thus
confirming that the interference effect is seldom significant in actual tests.
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Figure 6.12: FE simulations of the wave amplitude per unit current as a function of the
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for three different ratios of the thickness of steel over the thickness of nickel, tsteel/tni.
6.6 Discussion
The results show that a magnetostrictive EMAT applied directly on a steel plate is
not a good method for SH wave generation, not only because of the low wave am-
plitude obtained but even more because of the dependence of this transducer on the
material and geometric properties of the testpiece. In contrast, the PPM EMAT is
relatively insensitive to the precise composition and stress history of the plate to be
inspected and gives better signal amplitudes than the magnetostrictive EMAT. Even
better performance can be achieved by attaching a layer of highly magnetostrictive
material to the sample. It has been shown that bonding a nickel layer can in-
crease the particle velocity produced by more than a factor of five compared to that
obtained with a PPM EMAT. In practice, materials significantly more magnetostric-
tive than nickel are available, for example iron-cobalt alloys show magnetostrictive
strains twice as large as those of pure nickel, roughly doubling the resulting signal
amplitude. Materials with significantly higher magnetostriction, such as Terfenol-D
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or Metglas, are available and might be used to further increase the signal amplitude.
The use of these materials makes bonded magnetostrictive EMATs the best probe
in terms of wave amplitude. The main drawback of this configuration is that the
transducer is no longer non-contact and the need for bonding significantly increases
the time required to set the test up. Also, if for example a large pipe is to be tested,
it can be difficult to produce a consistent bond over the required area.
It can be concluded that the choice between a PPM EMAT and a bonded magne-
tostrictive EMAT depends on the relative importance of signal amplitude and ease
and reliability of test setup.
6.7 Conclusions
A number of different EMAT configurations able to generate horizontally polarized
shear waves on a steel plate have been examined. Three basic types of EMATs have
been addressed: Lorentz force PPM EMAT and magnetostrictive EMATs, used
directly on the sample or with a bonded strip of highly magnetostrictive material on
the plate. The performance of the probes has been assessed with the validated Finite
Element model; the effect of relevant parameters on generated wave amplitude has
been examined. The influence of geometric factors like the thicknesses of the plate,
the magnetostrictive layer and the bond have been analyzed, as well as the effect of
material properties like the magnetostrictive constants or the stiffness of the bond.
The analysis has shown that the magnetostrictive EMAT (without any extra mag-
netostrictive layer) generates low signal amplitude that is severely affected by the
precise magneto-mechanical properties of the plate. On the other hand, this config-
uration can be dramatically improved by bonding a layer of highly magnetostrictive
material between the transducer and the plate. In this case signal amplitudes an
order of magnitude higher can be achieved, at the cost of the transducer becoming
contact, rather than non-contact, and the extra preparation needed to provide an
effective mechanical bond. Finally, a PPM EMAT produces intermediate ampli-
tudes but is non-contact, easy to set up and is not sensitive to the different physical
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properties seen across typical steels. The results of the study can be applied to
analogous transducers producing torsional waves in pipe-like structures.
The next chapter will deal with another application of the FE model: the analysis
of the performance of bulk shear wave EMATs on a range of different steel grades.
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Bulk shear wave EMAT
performance on steels
7.1 Introduction
This chapter presents an experimental study of EMAT performance on a wide range
of steel materials commonly used in engineering. Two EMAT configurations for bulk
shear waves are examined. The experimental results are compared with simulations
from the previously validated Finite Element model in order to obtain a physical
interpretation of the data. An analysis of the relative importance of the transduction
mechanisms is performed and practical conclusions are drawn.
7.2 Bulk wave EMATs on steel materials
A wide range of different kinds of steel materials, with different physical properties
is employed in modern engineering. It has been reported that EMAT performance
depends significantly on the material properties of the inspected sample. The varia-
tion of EMAT performance with material properties represents a major concern for
practical applications, since it raises the question whether the same EMAT probe
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can be successfully used to inspect different kinds of steel, or if transducers optimized
for each steel grade have to be developed.
When employed on ferromagnetic materials such as steel, EMATs exploit mainly two
different types of transduction mechanisms: the Lorentz force and magnetostriction.
While the Lorentz force mechanism is linear and relatively insensitive to material
properties such as electric conductivity σ and relative magnetic permeability µr,
magnetostriction is highly non-linear, depends significantly on the physical proper-
ties of the sample and is a function of the applied magnetic field, stress state and
magneto-mechanical loading history [11]. For this reason, it is fundamental to de-
termine which transduction mechanism dominates for a given EMAT configuration
as it affects the behaviour of the transducer when used on materials with different
properties. Previous research has established that magnetostriction is the leading
phenomenon in those EMAT configurations where the bias field is parallel to the
surface of the sample [6]. However, when the static field is normal to the sample,
some authors state that the Lorentz force dominates [6, 38, 39], while others [7, 21]
claim that magnetostriction is the major effect for most practical cases.
The following sections will address the issues of the performance variation on differ-
ent steel grades and the relative importance of the transduction mechanisms.
7.3 The experimental study
The steel grades under investigation are among the most commonly used in modern
engineering, ranging from mild steel to tool and alloy steel, and including pipe steel
and an austenitic steel, AISI 304 (with permeability and magnetostriction much less
than 10% of those of a typical steel, as this is the maximum volume fraction of
martensitic phase that can be present). The materials tested are listed in Table 7.1.
All the samples have the same dimensions: 70×30×4 mm. The physical parameters
influencing EMAT operation have been measured using the techniques described in
the following sections.
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Table 7.1: List of the steel samples under investigation.
Designation C% Other Elements % Notes
EN8 0.32–0.40 0.80 Mn Mild Steel
EN16 0.30–0.40 1.50 Mn, 0.25 Mo Hardenable
EN24 0.30–0.40 0.60 Mn, 0.25 Mo, 1.50 Ni, 1.20 Cr Hardenable
EN36 0.10 0.50 Mn, 3.50 Ni, 0.90 Cr Hardenable
EN3 0.16–0.24 0.70 Mn Mild Steel
EN32B 0.13–0.18 0.80 Mn Mild Steel
BO1 0.90–1.00 1.20 Mn, 0.50 Cr, 0.50 W, 0.22 V Tool Steel
AISI 304 0.08 9.00 Ni, 19.00 Cr Austenitic
L80a 0.25–0.30 1.40 Mn, 0.12 Cu, Mo, Cr, Ti Pipe Steel
L80b 0.25–0.30 1.40 Mn, 0.12 Cu, Mo, Cr, Ti Pipe Steel
L80SS 0.25–0.30 Mo, Cr, Ti Pipe Steel
TN80cr3 0.25–0.30 Mo, Cr, Ti Pipe Steel
J55 0.40–0.50 1.00Mn, 0.17 Cr, 0.09 Cu Mo, Ni Pipe Steel
CS70 0.65–0.75 0.70 Mn Pipe Steel
7.3.1 Conductivity and permeability measurement
The electrical conductivity σ and the relative magnetic permeability µr of each
sample were measured with the alternating current potential drop (ACPD) tech-
nique [92,93]. A pair of electrodes injects an alternating current in the testpiece and
a second pair of electrodes measures the resulting potential drop; the real compo-
nent of the impedance can then be computed as the real part of the ratio between
the potential difference and the current [93]. The real component of the impedance
varies with frequency due to the electromagnetic skin depth effect; once the geomet-
ric configuration of the probe and the thickness of the sample are known, analytical
solutions [94] can be employed to compute the couple {σ, µr} that minimizes the
root mean square error between theoretical and experimental data. The real compo-
nent of the impedance of each sample was measured in the frequency range between
2 and 400 Hz and a two-variable fit with the analytical formula was performed to
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deduce the electromagnetic properties (Table 7.2). The measured conductivity of
the ferritic steels falls within the range σ ∈ [2.5, 4.5] MS/m while the conductivity
of austenitic AISI 304 is 1.39 MS/m. The measured permeabilities for the ferritic
steel samples were between 50 and 140, while AISI 304, being non-ferromagnetic,
has approximately unit relative permeability.
The magnetic permeability was also measured with a Fischer Technology Feritscope
MP30E-S. This instrument measures an engineering parameter, the equivalent ferrite
content, from which permeability can be estimated using an approximated relation-
ship found in the literature [95]. While ACPD employs low-intensity currents, in the
order of a few milliamperes, the Feritscope induces much larger currents in the sam-
ple. The EMATs used in the experimental study were driven by an approximately
10 A peak to peak pulse, and the currents used by the Feritscope are closer to the
actual experimental conditions than the ACPD ones, however, this instrument gives
much less accurate values, reported in Table 7.2.
7.3.2 Magnetostriction measurement
The magnetostriction curves of four steel grades (EN3, EN24, EN32B, BO1) were
measured in order to determine the components of the magnetostriction coupling
matrix d. In each measurement, a small sample (30× 20× 1 mm) was placed in the
air gap of a magnetic circuit. The bias magnetic field was changed by adjusting the
driving dc current fed to the electromagnets and the resulting strain was measured
with strain gauges in full bridge configuration, using the same method described
in Section 5.5. The resulting magnetostriction curves, shown in Figure 7.1, are
consistent with data available in the literature [11, 12, 21, 33]. For comparison, the
magnetostriction curve of industrially pure (99.0%) nickel is also shown, as measured
in Section 5.5. In the steel samples the application of a magnetic field initially
causes a positive strain (i.e. an expansion) along the direction of the field. The
deformation reaches a maximum for H < 20 kA/m and turns into a compressional
strain for higher bias fields. Even though the shapes of the four curves are similar,
the position and magnitude of the maxima differ significantly for each grade because
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Table 7.2: Measured electromagnetic properties. Relative magnetic permeability was es-
timated via ACPD technique and a Feritscope instrument. The electric conductivity was
measured with ACPD. The average standard deviation for the conductivity is 0.1 MS/m,
while for the permeability the standard deviation of the ferromagnetic steels is 1 when
measured with ACPD and 5 with the Feritscope instrument. The individual standard de-
viations for each sample are given in Figures 7.3 and 7.4.
Designation σ [MS/m] µr, ACPD µr, Feritscope
EN8 4.12 92 170
EN16 3.71 52 110
EN24 3.80 65 132
EN36 3.03 99 142
EN3 4.47 128 166
EN32B 4.46 108 150
BO1 4.01 90 157
AISI 304 1.39 1 1
L80a 4.54 70 143
L80b 4.54 61 139
L80SS 4.19 67 126
TN80cr3 2.61 86 167
J55 4.06 137 164
CS70 3.77 59 100
of the presence of alloy elements and due to thermal treatments. Conversely, nickel
shows a monotonic contraction whose amplitude is significantly larger than the strain
observed in any steel.
7.3.3 EMAT wave amplitude measurement
Two commercial transducers (Sonemat Ltd.) have been used: a spiral coil EMAT
and a linear racetrack coil EMAT. Both transducers generate shear waves, with ra-
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Figure 7.1: Static magnetostriction curves of four steel grades and industrially pure
nickel. Average standard deviation 0.4 ppm.
dial and linear polarization respectively, propagating in the bulk of the material. The
static magnetic field is normal to the surface of the sample and is due to a permanent
magnet (NdFeB), while the coil generates eddy current and dynamic magnetic fields
parallel to the surface of the sample. The transducers are driven by a broadband
pulse, whose centre frequency is around 2.5 MHz. The result of a typical pulse-echo
test using the linearly polarized EMAT is shown in Figure 7.2 (a): the ultrasonic
pulse travels across the thickness of the sample and the reflections from its back-wall
are received by the transducer. For each type of transducer, five acquisitions per
steel sample were taken, each resulting from the average of 1000 time traces. The
peak to peak amplitudes of the first seven reflections were measured and were fitted
with an exponential function, in order to extrapolate the theoretical amplitude for
zero time of flight (Figure 7.2 (b)). This is necessary in order to compensate both for
diffraction effects and for the ultrasonic attenuation which is different for each kind
of steel. Since the tests used the EMAT in pulse echo mode, the square root of the
values obtained was taken in order to account for the generation mechanism only,
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Figure 7.2: (a) Signal received by an EMAT transducer in a pulse-echo test. The peak
to peak amplitudes of the back-wall reflections have been interpolated via an exponential fit
(b). It is then possible to estimate a theoretical attenuation-free amplitude for zero time
of flight.
on the assumption that reciprocity holds [13]. The experimental results are shown
in Figures 7.3 and 7.4 for the linear coil transducer. The adjusted signal amplitudes
are plotted against electric conductivity σ (Figure 7.3) and against magnetic perme-
ability (measured with the ACPD technique [81]), µr (Figure 7.4). Error bars show
the experimental standard deviations of the quantities under investigation for each
steel grade. Analogous graphs were obtained from the spiral coil EMAT.
The data show that the signal amplitudes do not have a large scatter and are not
obviously correlated with the electric conductivity and magnetic permeability. Even
using the permeabilities values measured with the Feritscope there is no better
correlation between EMAT amplitudes and permeabilities. The only exception is
the case of austenitic steel whose lower amplitude is due to the fact that since this
material is not ferromagnetic the magnetic flux density is significantly smaller than in
the case of ferromagnetic steels. Indeed, measurements indicated that B¯ = 410 mT
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Figure 7.3: Experimental EMAT amplitudes on different steels plotted against their elec-
tric conductivity. The amplitudes are attenuation compensated and square-rooted to ac-
count for the wave generation process only.
for AISI 304, against B¯ ∼= 770 mT for all the other samples; this reduces the resulting
amplitude by a factor of about 2, as the Lorentz force is linear in B¯ (Equation (3.8)).
If we compensate the amplitude of AISI 304 for this effect, all the experimental points
have similar amplitudes. This strongly suggests that the transduction is mainly due
to the Lorentz force, whose magnitude does not depend significantly on conductivity
or permeability (in the limit δ/λ << 1 [6]); if magnetostriction were dominant, a
much larger scatter would be expected because of the observed differences in the
magnetostriction curves of the various grades. In order to test this hypothesis and
shed light on the experimental results, numerical simulations were carried out.
7.4 Finite Element simulations
The EMAT numerical model has been used to help understand the results of the
experiments on the steel samples discussed above. The components of the magne-
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tostriction coupling matrix d were determined from the experimental magnetostric-
tion curves and Equations (3.25)-(3.26).
An axisymmetric two-dimensional model in a cylindrical reference system {r, z, φ} of
an EMAT has been developed, as described in Section 4.6. The driving current in the
coil is modelled as a zero cross-section current sheet, flowing in the circumferential
direction above the metal, that induces eddy currents Jφ. These interact with the
vertical component of the static flux density B¯z producing a Lorentz body force
fr = Jφ · B¯z in the radial direction that generates shear waves. Magnetostriction
also contributes to the wave generation, according to Equation (4.11) , mainly due
to shear strains ˜rz produced by the radial component of the dynamic magnetic field,
H˜r:
˜rz ∝ d15 H˜r, (7.1)
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Figure 7.5: Axisymmetric FE model of spiral coil EMAT. The displacement in the r
direction generated by the transducer is represented by the colour plot. The amplitude of
the radial component of the dynamic magnetic field produced by the coil is represented by
the contour lines (Each line represents 10 A/m variations).
where d15 is the magnetostrictive matrix component involved in shear wave gener-
ation, equivalent to d61 of Equation (3.26). The outer and inner diameters of the
coil are 34 mm and 6 mm respectively; the distance between the coil and the sample
(lift-off) is 0.6 mm. The coil is driven by a 1 A current oscillating at a frequency
f = 2 MHz. The mesh consists of approximatively 150,000 triangular elements. The
elastic properties used were the same for all the grades of steel and are those used in
Chapter 6 (Table 6.1). Just below the coil, full magnetostrictive constitutive equa-
tions are employed to simulate the transduction process. For a depth larger than a
few skin depths δ, i.e. |z| > 4δ, the dynamic magnetic field becomes negligible and
no transduction occurs. For this reason, purely elastic constitutive equations can be
used to describe wave propagation, saving significant computational time. In order
to simulate the operation on a half-space, an absorbing region with finite damping
constant surrounds the elastic domain, to avoid back-reflections from the boundaries
of the model. The result of a typical FE simulation is shown in Figure 7.5. The
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displacement amplitudes produced separately by the Lorentz force and by magne-
tostriction were computed for four of the steel samples (EN3, EN24, EN32B, BO1).
In turn solely the Lorentz force was applied, without any magnetostriction, and then
the simulation was repeated with purely magnetostrictive effects and no Lorentz
force, in order to evaluate the contribution of each mechanism. The magnetostric-
tion and magnetic properties were obtained from the experiments discussed above.
In order to test the hypothesis that the Lorentz force is the largest effect, the most
favourable conditions for magnetostriction were assumed to assess its maximum con-
tribution. The magnetic permeabilities used in the simulations were those measured
via ACPD, which are lower than those estimated with the Feritscope. Lower per-
meabilities imply a larger skin depth as δ = (pifσµ)−1/2, that is, there is a larger
region where a significant dynamic field H˜ is present. In other words, this means
that the surface over which Equation (7.1) has to be integrated is wider so the effect
of magnetostriction is stronger. This effect has been presented in Chapter 5, where
it was shown that with low permeability (due to high bias fields) magnetostriction
generation is higher than it would be expected by assuming a direct proportionality
to the relevant magnetostriction constant, d61(H¯) (Figure 5.8).
Moreover, the magnetic bias field in the material, H¯, which determines the operation
point cannot be estimated without a degree of uncertainty. This is a consequence
of the fact that at the boundary between two media the perpendicular component
of B (in our case B¯z) is continuous, while the perpendicular component of H is dis-
continuous. In other words, we know accurately the value of B¯z from experimental
data, but we can only estimate H¯z using FE models. For the case under study it
was found that H¯z ∈ [6, 15] kA/m. The maximum values of the magnetostriction
constant d15 falling in this range were considered to assess the largest possible im-
pact of magnetostriction on wave generation. For the Lorentz force computations
the static bias field B¯z was assumed to be the same for all the samples and was
set to the experimental value: B¯z = 770 mT. Remembering that the values for
magnetostriction are to be considered an upper limit, the simulations indicate that
for the investigated steels, the Lorentz force is the main transduction mechanism
and that the contribution of magnetostriction is never larger than ≈ 30% of the
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four steel grades and nickel. The amplitudes are not necessarily in phase and the values
for magnetostriction represent an upper limit. The same unit driving current oscillating
at 2 MHz was used for all the simulations.
Lorentz force for three samples, and reaches ≈ 70% for EN24 (Figure 7.6). For
comparison, the simulations were also performed on nickel. The material properties
used are listed in Table 6.1, and assuming the most favourable operation point for
magnetostriction on nickel, i.e. 20 kA/m, the relative permeability is µr = 24, and
the magnetostriction constant d15 = 4.09 nm/A. This is the operation point where
the balance between the magnitude of d15 and the amplitude and penetration depth
of the dynamic magnetic field gives the maximum sensitivity for nickel, as shown in
Figure 5.8. It has also to be noted that the bias magnetic flux density in nickel is
B¯ = 600 mT due to magnetic saturation. Nickel is significantly more magnetostric-
tive than steel, thus in this case magnetostriction is the larger effect, the resulting
displacement being 1.7 times the one due to the Lorentz force mechanisms. These
results are summarized in Table 7.3.
The predictions made for magnetostriction are essentially an upper limit; not only
127
7. Bulk shear wave EMAT performance on steels
Table 7.3: Maximum magnetostriction constant d15 of four steel samples in the range
H¯z ∈ [6, 15] kA/m. The corresponding EMAT signal amplitudes (experimental), for the
wave generation process only, are also shown. The last column displays the percentage
ratio of the displacement caused by magnetostriction against the one due to the Lorentz
force as predicted by the FE model for f = 2 MHz. Data on nickel are also shown for
reference.
Material d15 [nm/A] Exp.Amp [
√
V] MS/LOR
EN32B 1.30 0.411 27.5%
EN3 1.44 0.417 25.7%
BO1 1.23 0.427 35.6%
EN24 1.71 0.413 70.4%
Nickel 4.09 – 173.5%
have we considered the maximum magnetostriction constant for a given steel and
the lowest measured permeability, it has also been implicitly assumed that mag-
netostriction constants are frequency independent. The magnetostriction curve of
each material was measured in dc conditions, applying a static bias field and the
resulting magnetostriction constants were used for ac simulations. This assumption
was made simply because assessing the frequency dependency of magnetostriction
is a very complex experimental task, and in the literature there is a lack of dynamic
magnetostriction properties. However, it is likely that when a dynamic magnetic
field oscillating at frequencies in the order of hundreds of kilohertz is applied to a
ferromagnetic material, not all the magnetic domains are able to follow the driving
input, resulting in a reduction of the magnetostriction coefficients. This hypothesis
is strongly supported by the fact that magnetic permeability significantly decreases
with frequency [79, 81]; since permeability and magnetostriction are macroscopic
effects caused by the same microscopic structures, i.e. magnetic domains, it is likely
that the value of d15 used in our computation is overestimated. This is experimen-
tally hinted at by the fact that there is no correlation between the magnetostriction
constants measured and the EMAT wave amplitudes (Table 7.3).
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7.5 Discussion
The numerical and experimental results lead to the conclusion that the Lorentz
force mechanism is the largest in steel, while magnetostriction plays a less signifi-
cant role. This conclusion can be interpreted via the physics of the two transduction
mechanisms. As long as the eddy current penetration depth is much smaller than
the acoustic wavelength, it is found by integrating Equation (3.8) that the total
Lorentz force is proportional to the total induced current: FL ∝ B¯
∫
JdA, whereas
the total magnetostrictive force is proportional to the integral of the dynamic mag-
netic field: FMS ∝ d15
∫
H˜dA. By using an electromagnetic FE model, or analytical
solutions [73], we can compute the dependencies of these quantities on electrical
conductivity and magnetic permeability. The results are shown in Figure 7.7, nor-
malized on the y−axis in order to show the relative variations of the integrals with
the electromagnetic properties. Within the condition δ/λ << 1, the Lorentz force
is not very sensitive to changes in σ and µr because highly conductive materials
show a shielding effect: the eddy currents tend to equal and mirror the driving cur-
rent, regardless of their spatial distribution which is governed by conductivity and
permeability [6, 12]. For this reason, the total eddy current, and thus the Lorentz
force, is relatively insensitive to conductivity and permeability changes in highly
conductive materials. On the other hand, magnetostriction is highly affected by
σ and µr because not only does the distribution of the dynamic magnetic field H˜
along the depth of the material change, but also its amplitude. This means that
the integral of the magnetic field, and thus magnetostriction, is strongly affected
by the electromagnetic properties of the material. The overall conclusion is that
if the Lorentz force mechanism is dominant, a small variation of signal amplitudes
with conductivity and permeability is to be expected, while if magnetostriction is
the main transduction mechanism, large variations in the amplitudes should be ob-
served. The relatively small variation of signal amplitudes in the experimental data
supports the argument that Lorentz force is the largest transduction mechanism for
this EMAT configuration [6, 38, 39], in agreement with FE predictions. A purely
Lorentz force mechanism would give virtually no variation with σ and µr; how-
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Figure 7.7: Total induced current (
∫
JdA, dashed line) and total dynamic magnetic
field (
∫
H˜dA, continuous line) plotted against (a) electric conductivity and (b) magnetic
permeability. Since the Lorentz force is proportional to the total induced current and
magnetostriction is proportional to the total dynamic magnetic field, these plots show the
dependence of the two transduction mechanisms on material properties. The values on the
y−axis are normalized to show the relative variations with σ and µr.
ever, there is some scatter in the experimental data. This is mainly due to the
contribution of magnetostriction, together with experimental uncertainties in the
measurement of magnetic flux density B¯ and of the driving current I which were
quantified to ±3-6% uncertainty of the signal amplitudes. From a practical point
of view, since the measured amplitudes on different kinds of steel are similar, it is
possible to use the same EMAT probe on a wide range of grades. Large amplitude
variations have been observed in the field while inspecting steel components. Such
variations are probably due to the presence of highly magnetostrictive oxide layers.
In those cases, magnetostriction plays an important role in the transduction, as in
the case of nickel, and the signal level is significantly increased. It can be concluded
that normal bias field EMATs do not show large variations in the performance when
operating on steel with a range of different material properties, except when a highly
magnetostrictive oxide layer is present.
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7.6 Conclusions
Previous research on EMATs had suggested that when the magnetic bias field is
parallel to the surface of the sample, magnetostriction is the dominant transduction
mechanism, while when it is normal to the surface, diverging conclusions had been
drawn. The experimental tests on normal bias field EMATs, supported by numerical
simulations, discussed in this chapter have shown that the Lorentz force mechanism
is the largest transduction phenomenon on steel materials, regardless of the level of
magnetic bias field employed, while the Lorentz force and magnetostriction are of the
same order in nickel. It has been disproved that the magnetostrictive contribution is
order of magnitudes larger than the Lorentz force contribution for EMAT generated
ultrasound on steels, as previously claimed [7, 21]. This is also supported by the
identification of a possible flaw in the previous analysis, as shown in Appendix A.
It has also been shown that, unlike magnetostriction, the Lorentz force is relatively
insensitive to the range of material properties of steels. This implies that using the
same EMAT probe on various grades is possible and yields similar performance.
However, signals will increase when a highly magnetostrictive oxide is present so
magnetostriction becomes significant, while the performance on austenitic steels is
poorer than ferritic steels because of the reduced bias magnetic field.
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Conclusions
8.1 Thesis review
In this thesis the operation of Electromagnetic Acoustic Transducers has been in-
vestigated through the development of a numerical model. A review of the work in
literature, described in Chapter 2, showed that a large number of studies had been
carried out on EMAT modelling, but most of them focused only on one transduc-
tion mechanism, the Lorentz force mechanism, while the other major phenomenon,
magnetostriction, was included only in ideal analytical models or in non-validated
numerical models. On the other hand, many studies had pointed out that mag-
netostriction plays a fundamental role in signal generation and detection in some
EMATs configurations when employed on ferromagnetic media, which include ma-
terials extensively used in modern engineering such as ferrous and nickel alloys.
This led to development of a numerical multiphysics model, implemented in a com-
mercial Finite Element software, that can be used as a prediction tool for arbitrary
EMAT configurations when employed on ferromagnetic materials. The theoretical
basis of the model was described in Chapter 3, where the relevant equations for
all the transduction mechanisms involved in the generation and reception processes
were presented.
132
8. Conclusions
The actual implementation of the governing equations in a commercial FE package
was depicted in Chapter 4. The numerical methods employed by the software were
introduced and a description of the absorbing regions, symmetries and meshes used
was given, taking as an example a particular EMAT configuration. The use of a 2D
simplified model and analytical solutions to reduce the computational burden of the
model were also discussed.
The effectiveness of the numerical model was assessed by comparing its predictions
with the results of experimental tests. A simple magnetostrictive EMAT generating
shear horizontal waves in a nickel plate was taken as a benchmark. The wave
amplitude variation as a function of the driving current amplitude, frequency and the
static magnetic field was used to qualitatively validate the FE model. The absolute
accuracy of the model was evaluated by comparing first principle predictions, i.e.
obtained without the use of any arbitrary parameter, against experimental data.
The validation of the model and the physical insight provided during the process
was the subject of Chapter 5.
The usefulness of the validated model was demonstrated in its application to two
practical issues: the comparison of different EMAT solutions to generate horizontally
polarized shear waves in plates (Chapter 6) and the assessment of the performance
of bulk wave EMATs on different steel grades (Chapter 7). The main SH wave
EMAT configurations were analyzed, and the performance of their basic units were
addressed in order to obtain a fair comparison between very different set-ups. Both
the numerical model and experimental tests were employed to evaluate the sen-
sitivity of the configurations in analogous conditions and the effect of key design
parameters on the transduction. The model also proved to be useful in the physical
interpretation of the experimental results obtained from the bulk wave EMATs on a
large range of steel grades. In this way, the relative weight of the transduction mech-
anisms (the Lorentz force and magnetostriction) was determined with consequences
on the applicability of EMATs on the range of steel grades commonly encountered
in inspections.
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8.2 Main findings of the thesis
8.2.1 EMAT magnetostriction model: development and val-
idation
A comprehensive Finite Element model for EMATs was developed on commercial
software. Simulations of the generation mechanism can be performed, accounting
for the main transduction processes (i.e. the Lorentz force and magnetostriction).
Magnetostriction was included using coupled constitutive equations that link the
elastic field with the magnetic field. The model allowed the simulation of complex
3D configurations; as an example the generation of shear horizontal waves in a
nickel plate due to an EMAT composed of a current-carrying wire parallel to a bias
magnetic field has been successfully predicted.
Within the range of the strong bias field approximation, i.e. when the bias magnetic
field is much larger than the dynamic one, it was experimentally observed that the
generation sensitivity is linearly proportional to the dynamic magnetic field, which
is determined by the driving current amplitude. This confirmed the validity of the
strong bias approximation and the theory relying on it. The qualitative validation
of the model showed that magnetostrictive EMAT sensitivity is not only a function
of the magnetostriction constants, as the magnetic permeability plays a significant
role in the transduction mechanism too: the penetration depth and the amplitude
of the dynamic magnetic field are in fact determined by the magnetic permeability.
This implies that magnetostrictive properties together with magnetic permeability
have to be taken into account in the design of magnetostrictive EMATs. The wave
amplitude per unit current predicted by the model, using measured material prop-
erties and without any arbitrary parameter was compared with experimental data.
The discrepancy was smaller than 20 % over a 200 kHz frequency range, yielding a
successful validation. Indeed, it was found that the difference between measured
and numerically computed amplitudes was largely caused by the uncertainties in
the magnetic properties and by their frequency dependence.
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8.2.2 EMAT configurations for Shear Horizontal waves in
steel plates
The performance of different EMAT configurations for shear horizontal waves on
steel plates was compared. The EMAT types under investigation were the Periodic
Permanent Magnet (PPM) EMAT (based on the Lorentz force mechanism) and
purely magnetostrictive EMATs, with or without a bonded layer of highly magne-
tostrictive material on the testpiece.
The analysis showed that magnetostrictive EMATs directly applied on steel plates
had comparatively poor performance in terms of wave amplitude generated, which
was also strongly dependent on the precise magneto-mechanical properties of the
plate. The PPM EMAT generated intermediate wave amplitude but with the ad-
vantage of being non-contact, simple to set up and insensitive to the variations in
properties such as the magnetic permeability and electrical conductivity normally
observed in ferromagnetic steels. Large signal amplitudes with relatively small de-
pendence on the magnetic bias field were achieved with a magnetostrictive EMAT
with a layer of highly magnetostrictive material bonded between the transducer
and the plate. Numerical simulations highlighted that the wave amplitude of this
EMAT configuration depends on the stiffness of the bond and that the thickness of
the magnetostrictive layer has an optimal value related to the electromagnetic pen-
etration depth. Also, the width of the magnetostrictive strip can affect the signal
amplitude due to interference phenomena that build up when the thicknesses of the
testpiece and the strip are similar. The main drawback of this configuration is that
it compromised the non-contact nature of the transducer, increasing the complexity
and preparation time required to perform inspections.
In practical applications the preference between a PPM EMAT and a bonded mag-
netostrictive EMAT reduces to a trade-off choice between the signal performance of
the latter versus the ease of use and non-contact qualities of PPM EMATs.
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8.2.3 Bulk shear Wave EMAT performance on different steel
grades
While magnetostriction was already acknowledged to be the main transduction effect
in EMAT configurations whose magnetic bias field is parallel to the surface of the
sample, no clear conclusion had been reached on normal bias field configurations.
Experimental evidence indicated no obvious correlation between signal amplitude
and physical properties of various steel samples, such as the electric conductivity
and magnetic permeability. The numerical model helped the interpretation of these
results by showing that a “shielding effect” makes the total induced eddy current
roughly equal to the driving current that generates it, regardless of the material
properties of the sample. This explained the fact that the Lorentz force is not very
sensitive to conductivity and permeability. On the contrary, the amplitude and
penetration depth of the dynamic magnetic field, upon which magnetostriction de-
pends, is highly influenced by the electromagnetic properties of the sample. This
diverging behaviour of the main transduction mechanisms hinted at an explanation
of the experimental data in terms of a large Lorentz force effect, which was con-
firmed by FE simulation with the validated model. For a normal bias field EMAT,
the Lorentz force is the major transduction effect on steels while on more magne-
tostrictive materials like nickel the two transduction mechanisms are of the same
order of magnitude. Also, it has been proved that the previous theory according to
which magnetostriction is 10 or 100 times larger than the Lorentz force on magnetic
steel materials is not correct. This is further supported by the fact that a flaw in
the published research was found, as explained in Appendix A. This implies that
the use of a given EMAT probe on various grades of ferritic steel is possible and
yields similar performance. Poor performance on austenitic steels are mostly due
to the reduced bias magnetic field compared to ferritic steel while signal amplitude
can significantly increase when highly magnetostrictive oxide cover the surface of
the metal.
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8.3 Suggestions for future work
The successful validation of the FE model carried out in Chapter 5 implies the sub-
stantial validity of the theoretical relations on which it is based. This is encouraging
for further analytical work that might find exact solutions for some simplified EMAT
cases of practical importance. For example an extension of the analytical model de-
veloped by Kawashima [10] for a pancake coil EMAT including magnetostriction
would be very useful to rapidly design optimized transducers.
The quantitative validation also highlighted that the discrepancy between the pre-
dictions and the measurements is largely due to a lack in the knowledge of the
material properties to input to the model. The magnetostriction coefficients were
determined in static conditions, and then used to simulate dynamic conditions, with
the unrealistic assumption that no frequency dependence arises. A characterization
of magnetostriction behaviour in the frequency range used in EMATs applications,
from a few kilohertz to tens of megahertz would be extremely useful to assess the
accuracy of the FE model. Moreover, it was hypothesized that, at sufficiently high
frequencies, the domain motion lags behind the magnetic field resulting in a reduced
sensitivity for EMATs relying on magnetostriction. The measurements of dynamic
magnetostriction parameters would test this theory, with practical implications for
magnetostrictive EMAT design.
The models developed in Chapter 6 for SH wave EMATs are valid for plate inspec-
tion. The extension of these results to EMATs for pipe inspection is possible due
to the similarities between the shear horizontal waves and torsional waves. It would
be worth developing such models to increase the understanding of EMATs currently
employed in the field and to optimize their operation.
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A new analysis of the article
“Field dependence of coupling
efficiency between electromagnetic
field and ultrasonic bulk waves”
by H. Ogi
A.1 Introduction
In his paper, H. Ogi [21] studies the magnetic field dependence of bulk wave am-
plitudes generated by EMATs. His conclusion is that “Both the measurement and
the model analysis conclude that the magnetostrictive effect dominates the EMAT
phenomena for the bulk waves in ferromagnetic metal, regardless of the bias field
direction.(Page 3940)1”. However, this conclusion seems controversial compared to
previous researches [6, 38] and to the results presented in Chapter 7. An analysis
of Ogi’s article will be presented here, showing the possible flaw that invalid his
conclusions.
1We use italics font to refer to Ogi’s original article.
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A.2 EMAT configuration and reference system
Ogi employs a 2D model for a spiral elongated coil EMAT. The reference system
is such that the x1 axis is parallel to the surface of the metal while the x3 axis is
normal to it. The current flows in the x2 direction and here we consider only the
case of normal bias field, i.e. B0 lies along the direction x3. A bulk wave propagating
in the thickness of the material, along x3 has a longitudinal displacement u3 and a
transverse displacement u1 (shear wave). These displacement components are due
to the Lorentz force (L) and magnetostriction (MS) and the two contribution can
be separated (Equation (29) page 3946 in Ogi’s paper, when the magnetization force
is neglected):
u1
.
= uL1 + u
MS
1 (A.1)
u3
.
= uL3 + u
MS
3 (A.2)
A.3 The experimental part
Ogi measured experimentally the field dependence of the amplitude of EMAT sig-
nals, which is reported in Figure 5(a) for the longitudinal and shear waves with
normal bias field. He measured the signal amplitudes, A1 (shear wave) and A3 (lon-
gitudinal wave) which are the product of the generation amplitudes by the respective
reception amplitudes. Assuming that reciprocity holds, we can write the total am-
plitude as proportional to the square of the displacement caused by the generation
process, i.e. Ai ∝ u2i , for i = 1, 3. On page 3942 Ogi writes: “Figure 5 presents
the field dependences of their amplitudes. The amplitudes have been normalized by
the maximum shear-wave amplitude in the normal bias field case.”. If we follow his
notation, everything was normalized by the maximum of A1. From Figure 5(a) we
can then deduce the ratio between the longitudinal signal amplitude A3 and the
shear signal amplitude A1:
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A3 = k
2A1 From Figure 5(a), experimental. (A.3)
Assuming reciprocity and taking the square root, we can write Equation (A.3) in
terms of the displacements:
u3 = k u1 (A.4)
A.4 The theoretical part
Ogi’s theoretical result for EMAT generation are presented in Figure 8, page 3946.
On this page he states: “Figure 8 shows the field dependence of the bulk-wave ampli-
tudes due to the magnetostrictive effect normalized by the Lorentz force contribution
for the longitudinal wave (uMSi /u
L
3 ) for each bias field.”. This time he is normaliz-
ing by uL3 , which is the Lorentz contribution to the longitudinal wave and is much
smaller than the shear component u1, as can be deduced from Figure 5(a). From
Figure 8 we can deduce the ratios between the magnetostrictive contributions, i.e.
uMS1 and u
MS
3 , and u
L
3 :
uMS1
uL3
= α From Figure 8, theoretical. (A.5)
uMS3
uL3
=
1
β
From Figure 8, theoretical. (A.6)
A.5 The new normalization
In Figure 5(a) Ogi normalizes by the shear component u1 while in Figure 8 he
normalizes by uL3 , the longitudinal component due to Lorentz force, which is much
smaller than u1, as Figure 5(a) suggests. In order to obtain a fair comparison
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between magnetostriction and the Lorentz force we want the ratios between uMS1
and uMS3 and the Lorentz shear component u
L
1 , rather than the longitudinal one, u
L
3 .
This can be achieved as it follows. Using Equations (A.1),(A.2) and (A.4) we find:
uL3 + u
MS
3 = k u
L
1 + k u
MS
1 (A.7)
Combining Equations (A.5) and (A.6) we have:
uMS3 =
1
αβ
uMS1 (A.8)
Using Equations (A.5) and (A.8) in (A.7), with some algebra, we have:
uMS1
uL1
=
αβk
1 + β − αβk (A.9)
This expression compares the magnetostrictive contribution with the most signif-
icant Lorentz contribution uL1 , using three factors, α, β and k, obtained by Ogi’s
graphs. It has to be noted that k is a function of the magnetic flux density B0
while α and β are functions of the magnetic field H0. These quantities are linked by
the magnetic permeability µr = B/(µ0H) which can be computed from Figure 6(a),
page 3943, where a magnetization curve M−H is shown. The new plot (Figure A.3,
continuous line) shows that the magnetostrictive shear component uMS1 is only 10
−1
times the Lorentz shear component, uL1 .
A.6 Conclusions
In his article Ogi states that “[. . . ] the magnetostriction mechanism governs the
bulk-wave generation as a whole, regardless of the field direction.” (page 3946 ).
This seems to be the case when the bias field is parallel to the sample, as confirmed
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by the researches of Wilbrand [38] and Thompson [6]. However, when the bias field
is normal to the sample Wilbrand and Thompson found that magnetostriction has a
negligible effect, in contrast with Ogi’s article. Ogi seems to prove his conclusion in
Figure 8 where he compares the field dependence of magnetostrictive contributions
against Lorentz contributions. The flaw probably lies in the fact that the chosen
reference for Lorentz force is the longitudinal displacement, uL3 which is significantly
smaller than the shear contribution uL1 . Since normal field EMATs are mainly
used to generate shear waves, it makes sense to compare the shear contribution of
magnetostriction and Lorentz effect, i.e. the ratio uMS1 /u
L
1 rather than u
MS
1 /u
L
3 as
Ogi did. The ratio between the shear contributions has been deduced using Ogi’s
data and same simple algebraic manipulations. It has to be stressed that Ogi’s
results were assumed to be correct (both experimental and theoretical) and were
simply re-plotted with a different normalization. The result shows a very different
picture: Lorentz force contribution is larger than the magnetostrictive one, for any
bias field (Figure A.3).
Figure A.1: Figure 5(a) of Ogi’s article [21].
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Figure A.2: Figure 8 of Ogi’s article [21].
u1(MS)/u3(L) - Ogi's Plot
100 u1(MS)/u1(L) - New Normalization
10
1
0.1
0.01
0.01 0.1 1
Bias Magnetic Field, H03 [kOe]
Figure A.3: Figure 8 of Ogi’s article re-plotted. The dashed curve is Ogi’s original curve
uMS1 /u
L
3 (indicated with S-wave (B03) in the original graph). The solid curve show the
ratio uMS1 /u
L
1 re-computed using Ogi’s data.
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